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1 . REAL PARTY IN INTEREST 

The real party in interest is Genentech, Inc., South San Francisco, California, by an 
assignment of the patent application U.S. Serial No. 09/946,374 recorded January 8, 2002, at 
Reel 012288 and Frame 0504. 

2. RELATED APPEALS AND INTERFERENCES 

The claims pending in the current application are directed to polynucleotides encoding a 
polypeptide referred to herein as "PR01755". There exist two related patent applications, (1) 
U.S. Serial No. 10/013,906, filed December 10, 2001 (containing claims directed to the 
PR01755 polypeptides), and (2) U.S. Serial No. 10/013,915, filed December 10, 2001 
(containing claims directed to antibodies that bind the PR01755 polypeptide). The 10/013,906 
application is still pending. The 10/013,915 application is also under final rejection from the 
same Examiner and based upon the same outstanding rejection, and appeal of this final rejection 
is being pursued independently and concurrently herewith. 

3. STATUS OF CLAIMS 

Claims 33, 38-40 and 44-54 are in this application. 
Claims 1-32, 34-37 and 41-43 are canceled. 

Claims 33, 38-40 and 44-54 stand rejected and Appellants appeal the rejection of these 

claims. 

A copy of the rejected claims involved in the present Appeal is provided in the Claims 
Appendix. 

4. STATUS OF AMENDMENTS 

An amendment to the claims was submitted with Appellants' Response to Final Office 
Action filed January 24, 2005. In the Advisory Action mailed August 1 1 , 2005, the Examiner 
indicated that these amendments would be entered for the purpose of the appeal. Accordingly, 
the claims listed in the Claims Appendix incorporate the amendments of January 24, 2005. 
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5. SUMMARY OF CLAIMED SUBJECT MATTER 

The invention claimed in the present application is related to an isolated nucleic acid 
comprising the nucleic acid sequence of SEQ ID NO:351, the full-length coding sequence of the 
nucleic acid sequence of SEQ ID NO:351, or the full-length coding sequence of the cDNA 
deposited under ATCC accession number 203471 (Claims 33, 38, 39, and 40), a vector 
comprising the nucleic acid (Claims 44 and 45), and a host cell comprising the nucleic acid 
(Claims 46 and 47). The claims are further directed to an isolated nucleic acid molecule at least 
20, 50, 60, 70, 80, 90, or 100 nucleotides in length that hybridizes under stringent conditions to 
the nucleic acid sequence of SEQ ID NO:351 or a complement thereof, or to the full-length 
coding sequence of the cDNA deposited under ATCC accession number 203471 or a 
complement thereof (Claims 46-54). 

The full-length PR01755 polypeptide having the amino acid sequence of SEQ ID 
NO:352 is described in the specification at page 30, lines 5-9, page 351, lines 6-9, in Figure 204 
and in SEQ ID NO:352. The cDNA nucleic acid encoding PR01755 is described in the 
specification in Example 105, in Figure 203 and in SEQ ID NO:351. Page 297, lines 22-27 of 
the specification provides the description for Figures 203 and 204. Fragments of at least about 
20, 50, 60, 70, 80, 90, or 100 nucleotides in length of nucleic acids encoding PRO are described 
at, for example, page 282, lines 12-19. 

The isolation of cDNA clones encoding PR01755 of SEQ ID NO:352 is described in 
Example 105. Methods for isolating PRO cDNA is generally set forth in the specification at, for 
example page 359, lines 1 1-34. Methods for selection and transformation of host cells with PRO 
cDNA is generally set forth in the specification at, for example, page 359, line 36, to page 361, 
line 24. Methods for selecting a vector are generally set forth in the specification at, for example, 
page 361, line 26, to page 363, line 25. The use of polynucleotides encoding PRO as 
hybridization probes is described at, for example, page 364, lines 25-38, and page 481, lines 1- 
11. Stringent conditions are defined at, for example, page 308, line 38, to page 309, line 7. 
Finally, Example 143, in the specification at page 494, line 20, to page 508, line 28, sets forth a 
Gene Amplification assay which shows that the PR01755 gene is amplified in the genome of 
certain human lung and colon cancers (page 506, lines 7-15, and Table 8). 
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6. GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL 

L Whether Claims 33, 38-40 and 44-54 satisfy the utility requirement of 35 U.S.C. 

§101. 

II. Whether Claims 33, 38-40 and 44-54 satisfy the enablement requirement of 35 
U.S.C. §112, first paragraph. 

7. ARGUMENT 
Summary of the Arguments: 

Issue I: Utility 

Patentable utility of the claimed PRO 1755 nucleic acid molecules is based upon the gene 
amplification data for the gene encoding the PR01755 polypeptide. The specification discloses 
that the gene encoding PRO 1755 showed significant amplification, ranging from 2.2 to 5.1 fold , 
in eight different lung and colon tumors . The Declaration of Dr. Audrey Goddard, submitted 
with Appellants' Response of August 31, 2004, explains that a gene identified as being amplified 
at least 2-fold by the disclosed gene amplification assay in a tumor sample relative to a normal 
sample is useful as a marker for the diagnosis of cancer , for monitoring cancer development 
and/or for measuring the efficacy of cancer therapy. Accordingly, the Examiner's assertion that 
the specification "merely demonstrates that the PR01755 nucleic acid was amplified in some 
lung or colon cancers, to a minor degree , of 2.5 fold increase." (Page 9 of the Office Action 
mailed November 24, 2004, emphasis added) is both factually and scientifically incorrect. By 
referring to the 2.2-fold to 5.1-fold amplification of the PR01755 gene in lung tumors as "very 
small," or "minor," the Examiner ignores the teachings of an expert declaration without any 
basis, or without presenting any evidence to the contrary . 

The Examiner has asserted that "[a]ssays measuring DNA copy number found positive 
staining in about half the samples of several cancers, as well as about half the control samples. 
This inconsistent staining is not useful for diagnosing cancer, since a positive result does not 
indicate the presence of a cancer and a negative result does not indicate a lack of cancer." (Page 
1 of the Advisory Action mailed August 11, 2005). 
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Part of this statement is factually incorrect, since the specification does not disclose that the 
PR01755 gene was amplified in any control samples. As to the rest of the statement, as any. 
skilled artisan in the field of oncology would easily appreciate, not all tumor markers are 
generally associated with every tumor, or even with most tumors . Therefore, whether the 
PR01755 gene is amplified in eight lung and colon tumors or in all lung and colon tumors is not 
relevant to its identification as a tumor marker, or its patentable utility. Rather, the fact that the 
amplification data for PRO 175 5 is considered significant is what lends support to its usefulness 
as a tumor marker. If the goal is to diagnose lung or colon cancer, then contrary to the 
Examiner's assertion, a positive result does indicate the presence of cancer, while a negative 
result is not conclusive, and requires follow up testing. 

The Examiner has additionally asserted that that the gene amplification data discussed 
above does not provide utility for the claimed PR01755 nucleic acids because "there is no 
evidence regarding whether or not PRO 175 5 mRNA or protein levels are also increased in these 
cancers" that show amplification of the gene encoding PRO 175 5. (Page 4 of the Office Action 
mailed November 24, 2004). The Examiner has cited references by Pennica et al and Haynes et 
aL as evidence that an increase in gene copy number does not necessarily result in increased gene 
expression and protein expression. 

First of all, the claims are directed to nucleic acids , not polypeptides, therefore, the issue 
of whether there is a correlation between gene amplification and polypeptide expression levels is 
irrelevant . Similarly irrelevant is whether or not PR01755 mRNA levels are also increased. One 
of skill in the art would understand how to use the claimed nucleic acids to detect amplification 
of the gene encoding PR01755, and how to use the gene amplification results to diagnose cancer. 
Thus the question of whether or not PR01755 mRNA or polypeptide levels are also increased in 
these cancers has no relevance to the utility of the claimed nucleic acid molecules. 

Finally, the Examiner has cited Hu et a/., in support of the assertion that "the literature 
cautions researchers from drawing conclusions based on small changes in transcript levels." 
(Page 5 of the Office Action mailed November 24, 2004). Appellants submit that the evidentiary 
standard to be used throughout ex parte examination in setting forth a rejection is a 
preponderance of the totality of the evidence under consideration. 



-5- 



Appeal Brief 
Application Serial No. 10/017,610 
Attorney's Docket No. 39780-2830 P1C64 



o 



o 



Thus, to overcome the presumption of truth that an assertion of utility by the applicant enjoys, the 
Examiner must establish that it is more likely than not that one of ordinary skill in the art would 
doubt the truth of the statement of utility. Only after the Examiner has made a proper prima facie 
showing of lack of utility, does the burden of rebuttal shift to the applicant. Hu et al. does not 
suffice to show that a lack of correlation between gene amplification data and the biological 
significance of cancer genes is typical . 

Accordingly, Appellants submit that when the proper legal standard is applied, one 
should reach the conclusion that the present application discloses at least one patentable utility 
for the claimed nucleic acids that encode the PRO 1775 polypeptide. 

Issue II: Enablement 

Claims 33, 38-40 and 44-54 stand rejected under 35 U.S.C. §112, first paragraph, allegedly 
"since the claimed invention is not supported by either a specific and substantial asserted utility or a 
well established utility . . . one skilled in the art clearly would not know how to use the claimed 
invention." (Page 4 of the Office Action mailed November 24, 2004). 

Appellants submit that, as discussed above, the nucleic acids that encode the PRO 175 5 
polypeptide, or fragments thereof, have utility in the diagnosis of cancer. Based on such a utility, 
one of skill in the art would know exactly how to use the claimed nucleic acids for the diagnosis 
of cancer, without any undue experimentation. 

These arguments are all discussed in further detail below under the appropriate headings. 

ISSUE I: Claims 33, 38-40 and 44-54 satisfy the utility requirement of 35 USC §101 

Claims 33, 38-40 and 44-54 stand rejected under 35 U.S.C. §101 because allegedly "the 
claimed invention lacks a credible, specific and substantial asserted utility or a well established 
utility." (Page 3 of the Office Action mailed March 8, 2004). 

Appellants submit, for the reasons set forth below, that the specification discloses at least 
one credible, substantial and specific asserted utility for the claimed nucleic acids encoding the 
PR01755 polypeptide. 
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A. The Legal Standard for Utility 

According to 35 U.S.C. § 101: 

Whoever invents or discovers any new and useful process, machine, manufacture, or 
composition of matter, or any new and useful improvement thereof, may obtain a 
patent therefor, subject to the conditions and requirements of this title. (Emphasis 
added.) 

In interpreting the utility requirement, in Brenner v. Mans on 1 the Supreme Court held that 
the quid pro quo contemplated by the U.S. Constitution between the public interest and the 
interest of the inventors required that a patent applicant disclose a "substantial utility" for his or 
her invention, i.e. a utility "where specific benefit exists in currently available form." 2 The Court 
concluded that "a patent is not a hunting license. It is not a reward for the search, but 
compensation for its successful conclusion. A patent system must be related to the world of 
commerce rather than the realm of philosophy." 3 

Later, in Nelson v. Bowler 4 the C. CP. A. acknowledged that tests evidencing 
pharmacological activity of a compound may establish practical utility, even though they may not 
establish a specific therapeutic use. The court held that "since it is crucial to provide researchers 
with an incentive to disclose pharmaceutical activities in as many compounds as possible, we 
conclude adequate proof of any such activity constitutes a showing of practical utility." 5 

In Cross v. Iizuka 6 the C.A.F.C. reaffirmed Nelson, and added that in vitro results might 
be sufficient to support practical utility, explaining that "in vitro testing, in general, is relatively 
less complex, less time consuming, and less expensive than in vivo testing. 



1 Brenner v. Manson, 383 U.S. 519, 148 U.S.P.Q. (BNA) 689 (1966). 

2 Id. at 534, 148 U.S.P.Q. (BNA) at 695. 

3 Id. at 536, 148 U.S.P.Q. (BNA) at 696. 

4 Nelson v. Bowler, 626 F.2d 853, 206 U.S.P.Q. (BNA) 881 (C.C.P.A. 1980). 

5 Id. at 856, 206 U.S.P.Q. (BNA) at 883. 

6 Cross v. Iizuka, 753 F.2d 1047, 224 U.S.P.Q. (^_NA) 739 (Fed. Or. 1985). 
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Moreover, in vitro results with the particular pharmacological activity are generally predictive of 
in vivo test results, i.e. there is a reasonable correlation there between." 7 The court perceived 
"No insurmountable difficulty" in finding that, under appropriate circumstances, "in vitro testing, 
may establish a practical utility." 8 

The case law has also clearly established that applicants' statements of utility are usually 
sufficient, unless such statement of utility is unbelievable on its face. 9 The PTO has the initial 
burden to prove that applicants' claims of usefulness are not believable on their face. 10 In 
general, an Applicant's assertion of utility creates a presumption of utility that will be sufficient 
to satisfy the utility requirement of 35 U.S.C. §101, "unless there is a reason for one skilled in the 

11 19 

art to question the objective truth of the statement of utility or its scope." , 

i ^ 

Compliance with 35 U.S.C. §101 is a question of fact. The evidentiary standard to be 
used throughout ex parte examination in setting forth a rejection is a preponderance of the 
totality of the evidence under consideration. 14 Thus, to overcome the presumption of truth that 
an assertion of utility by the applicant enjoys, the Examiner must establish that it is more likely 
than not that one of ordinary skill in the art would doubt the truth of the statement of utility. 
Only after the Examiner made a proper prima facie showing of lack of utility, does the burden of 
rebuttal shift to the applicant. 



7 Id. at 1050, 224 U.S.P.Q. (BNA) at 747. 

8 Id.. 

9 In re Gazave, 379 F.2d 973, 154 U.S.P.Q. (BNA) 92 (C.C.P.A. 1967). 

10 Ibid. 

11 In re Lunger, 503 F.2d 1380, 1391, 183 U.S.P.Q. (BNA) 288, 297 (C.C.P.A. 1974). 

12 See also In reJolles, 628 F.2d 1322, 206 U.S.P.Q. 885 (C.C.P.A. 1980); In re Irons, 340 F.2d 974, 144 
U.S.P.Q. 351 (1965); In re Sichert, 566 F.2d 1154, 1159, 196 U.S.P.Q. 209, 212-13 (C.C.P.A. 1977). 

13 Raytheon v. Roper, 724 F.2d 951, 956, 220 U.S.P.Q. (BNA) 592, 596 (Fed. Or. 1983) cert, denied, 469 
US 835 (1984). 

14 In re Oetiker, 977 F.2d 1443, 1445, 24 U.S.P.Q.2d (BNA) 1443, 1444 (Fed. Cir. 1992). 

-8- 

Appeal Brief 
Application Serial No. 10/017,610 
Attorney's Docket No. 39780-2830 P1C64 



o 



o 



The issue will then be decided on the totality of evidence. The well established case law is 
clearly reflected in the Utility Examination Guidelines ("Utility Guidelines") 15 , which 
acknowledge that an invention complies with the utility requirement of 35 U.S.C. §101, if it has 
at least one asserted "specific, substantial, and credible utility" or a "well-established utility." 
Under the Utility Guidelines, a utility is "specific" when it is particular to the subject matter 
claimed. For example, it is generally not enough to state that a nucleic acid is useful as a 
diagnostic without also identifying the conditions that are to be diagnosed. 

In explaining the "substantial utility" standard, M.P.E.P. §2107.01 cautions, however, 
that Office personnel must be careful not to interpret the phrase "immediate benefit to the public" 
or similar formulations used in certain court decisions to mean that products or services based on 
the claimed invention must be "currently available" to the public in order to satisfy the utility 
requirement. "Rather, any reasonable use that an applicant has identified for the invention that 
can be viewed as providing a public benefit should be accepted as sufficient, at least with regard 
to defining a 'substantial' utility." 16 Indeed, the Guidelines for Examination of Applications for 
Compliance With the Utility Requirement, 17 gives the following instruction to patent examiners: 
"If the applicant has asserted that the claimed invention is useful for any particular practical 
purpose . . . and the assertion would be considered credible by a person of ordinary skill in the 
art, do not impose a rejection based on lack of utility." 

B. The Data and Documentary Evidence Supporting a Patentable Utility 

Appellants respectfully submit that Appellants rely on the gene amplification data for 
patentable utility of the claimed nucleic acids encoding the PR01755 polypeptide, and that the 
gene amplification data for the gene encoding the PR01755 polypeptide is clearly disclosed in 
the instant specification under Example 143. 

It was well known in the art at the time the invention was made that gene amplification is 
an essential mechanism for oncogene activation. 

15 66 Fed. Reg. 1092 (2001). 

16 M.P.E.P. §2107.01. 

17 M.P.E.P. §2107 II (B)(1). 
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The gene amplification assay is well-described in Example 143 of the present application. 
Example 143 discloses that the inventors isolated genomic DNA from a variety of primary 
cancers and cancer cell lines that are listed in Table 8, including primary lung and colon tumors 
of the type and stage indicated in Table 7. As a negative control, DNA was isolated from the 
cells of ten normal healthy individuals, which was pooled and used as a control. Gene 
amplification was monitored using real-time quantitative TaqMan™ PCR. Table 8 shows the 
resulting gene amplification data. Further, Example 143 explains that the results of TaqMan™ 
PCR are reported in ACt units, wherein one unit corresponds to one PCR cycle or approximately 
a 2-fold amplification relative to control, two units correspond to 4-fold amplification, 3 units to 
8-fold amplification etc. 

Appellants respectfully submit that a ACt value of at least 1.0 was observed for 
PR01755in at least eight of the tumors listed in Table 8. PR01755 showed approximately 1.18- 
1.36 ACt units which corresponds to 2 1 18 -2 1 36 fold amplification or 2.3 fold to 2.6-fold 
amplification in primary lung tumors (LT16, LT18 and LT22). PR01755 also showed 
approximately 1.15-2.35 ACt units which corresponds to 2 1 15 -2 2 35 fold amplification or 2.2 fold 
to 5.1-fold amplification in primary colon tumors (CT2, CT8, CT10, CT12 and CT14). (See 
page 506, lines 7-15, and Table 8 of the specification). Accordingly, the present specification 
clearly discloses overwhelming evidence that the gene encoding the PRO 175 5 polypeptide is 
significantly amplified in lung and colon tumors. 

The Examiner has asserted that "the specification provides data showing a very small 
increase in DNA copy number - about 2 fold - in lung and colon tumors. (Page 4 of the Office 
Action mailed November 24, 2004). The Examiner has further asserted that the specification 
"merely demonstrates that the PRO 175 5 nucleic acid was amplified in some lung or colon 
cancers, to a minor degree, of 2.5 fold increase." (Page 9 of the Office Action mailed November 
24, 2004). 

Appellants submit that the Examiner seems have applied a heightened utility standard in 
this instance, which is legally incorrect. Appellants have shown that the gene encoding 
PR01755 demonstrated significant amplification, from 2.2 to 5.1 fold , in eight lung and colon 
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tumors. As explained in the Declaration of Dr. Audrey Goddard (submitted with the Response 

filed August 31, 2004): 

It is further my considered scientific opinion that an at least 2-fold increase in 
gene copy number in a tumor tissue sample relative to a normal (i.e., non-tumor) 
sample is significant and useful in that the detected increase in gene copy 
number in the tumor sample relative to the normal sample serves as a basis for 
using relative gene copy number as quantitated by the TaqMan PCR technique 
as a diagnostic marker for the presence or absence of tumor in a tissue sample of 
unknown pathology. (Emphasis added). 

By referring to the 2.2-fold to 5.1-fold amplification of the PR01755 gene in lung tumors 

as "very small," or "minor." the Examiner appears to ignore the teachings within an expert's 

declaration without any basis, or without presenting any evidence to the contrary . Appellants 

respectfully draw the Board's attention to the Utility Examination Guidelines (Part IIB, 66 Fed, 

Reg. 1098 (2001)) which state that: 

"Office personnel must accept an opinion from a qualified expert that is based 
upon relevant facts whose accuracy is not being questioned; it is improper to 
disregard the opinion solely because of a disagreement over the significance or 
meaning of the facts offered". 

Thus, given the absence of any evidence to the contrary, Appellants maintain that the 2.2 
to 5.1 -fold amplification disclosed for the PRO 1755 gene is significant and forms the basis for 
the utility claimed herein. 

The Examiner has asserted that, "No mutation or translocation of PRO 175 5 has been 
associated with lung tumors or colon tumors. It is not know whether PRO 1755 is expressed in 
normal lung or colon tissue, and what the relative levels of expression are." (Page 9 of the Office 
Action mailed November 24, 2004). In fact, Example 143 of the specification discloses that the 
gene amplification data were obtained by comparing DNA from a variety of primary tumors, 
including breast, lung, colon, rectum, kidney, testis, lymph node and parathyroid tumors, and 
various tumor cell lines with pooled DNA isolated from the blood cells of ten healthy donors. 
Thus the expression level of PR01755 was tested in control, normal tissue. 

Appellants further point out that the negative control taught in the specification was 
known in the art at the time of filing, and accepted as a true negative control as demonstrated by 
use in peer reviewed publications . 
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For example, in Pitti et al (Exhibit F submitted with the Response filed August 31, 2004), the 
authors used the same quantitative TaqMan PCR assay described in the specification to study 
gene amplification in lung and colon cancer of DcR3, a decoy receptor for Fas ligand. As 
described, Pitti et al analyzed DNA copy number "in genomic DNA from 35 primary lung and 
colon tumours, relative to pooled genomic DNA from peripheral blood leukocytes (PBU of 10 
healthy donors /' (Page 701, col. 1; emphasis added). The authors also analyzed mRNA 
expression of DcR3 in primary tumor tissue sections and found tumor-specific expression, 
confirming the finding of frequent amplification in tumors, and confirming that the pooled blood 
sample was a valid negative control for the gene amplification experiments. In Bieche et al. 
(Exhibit G submitted with the Response filed August 31, 2004), the authors used the quantitative 
TaqMan PCR assay to study gene amplification of myc, ccndl and erbB2 in breast tumors. As 
their negative control, Bieche et al used normal leukocyte DNA derived from a small subset of 
the breast cancer patients (page 663). The authors note that "[t]he results of this study are 
consistent with those reported in the literature" (page 664, col. 2), thus confirming the validity of 
the negative control. Accordingly, the art demonstrates that pooled normal blood samples are 
considered to be a valid negative control for gene amplification experiments of the type described 
in the specification. 

The Examiner has asserted that "[ajssays measuring DNA copy number found positive 
staining in about half the samples of several cancers, as well as about half the control samples. 
This inconsistent staining is not useful for diagnosing cancer, since a positive result does not 
indicate the presence of a cancer and a negative result does not indicate a lack of cancer." (Page 
1 of the Advisory Action mailed August 11, 2005). 

Appellants submit that the Examiner appears to have misunderstood the data presented in 
the specification. In the first place, the assay did not utilize staining, but a fluorescent PCR- 
based technique. Second, the specification explains, "As a negative control, DNA was isolated 
from the cells often normal healthy individuals which was pooled and used as assay controls for 
the gene copy in healthy individuals (not shown)" (page 494, lines 31-33). Appellants also wish 
to clarify that all of the samples listed in Table 8 are tumor samples, not normal controls. 
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Those samples not described in Table 7 are tumor centers or tumor cell lines (page 494, line 37, 
to page 495, line 2). There is nothing in the specification to indicate that the PR01755 gene was 
amplified in any control samples. 

Appellants further emphasize that they have shown significant DNA amplification in 
three out of the thirteen (3/13) lung tumor samples and five out of the fourteen (5/14) colon 
tumor samples in Table 8, Example 143 of the instant specification. The fact that not ah lung 
and colon tumors tested positive in this study does not make the gene amplification data less 
significant. As any skilled artisan in the field of oncology would easily appreciate, not all tumor 
markers are generally associated with every tumor, or even with most tumors . For example, the 
article by Hanna and Mornin (submitted with the Response filed August 31, 2004), discloses that 
the known breast cancer marker HER-2/neu is "amplified and/or overexpressed in 10%-30% of 
invasive breast cancers and in 40%-60% of intraductal breast carcinoma" (page 1, col. 1). 

Appellants submit that the amplification of the PRO 1755 nucleic acids in even one lung 
or colon tumor provides specific and substantial utility for the nucleic acid as a diagnostic marker 
of the type of lung or colon tumor in which it was amplified. Appellants submit that the tumors 
listed in Table 8 are not similar tumors from different patients, but various types/classes of lung 
and/or colon tumors at different stages. Accordingly, a positive result from one tumor, where the 
nucleic acid was amplified, but not from other tumors, indicates that the nucleic acid can be used 
as a marker for diagnosing the presence of that kind of tumor in which it was amplified. 
Amplification of the nucleic acid would be indicative of that specific class of lung tumor, 
whereas absence of amplification would be non-conclusive. The skilled artisan would certainly 
know that such tumor markers are useful for better classification of tumors. Therefore, whether 
the PR01755 gene is amplified in eight lung and colon tumors or in all lung and colon tumors is 
not relevant to its identification as a tumor marker, or its patentable utility. Rather, the fact that 
the amplification data for PR01755 is considered significant is what lends support to its 
usefulness as a tumor marker. If the goal is to diagnose lung or colon cancer, then contrary to the 
Examiner's assertion, a positive result does indicate the presence of cancer, while a negative 
result is not conclusive, and requires follow up testing. 
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The Examiner has asserted that "[o]ne cannot determine from the data in the specification 
whether the observed 'amplification' of nucleic acid is due to increase in chromosomal copy 
number, or alternatively due to an increase in transcription rates." (Page 9 of the Office Action 
mailed November 24, 2004). Appellants note that the data in the specification relates to 
amplification of DNA, not mRNA, thus transcription rates would not affect this data. 

Appellants further submit that it is known in the art that detection of gene amplification 

can be used for cancer diagnosis regardless of whether the increase in gene copy number results 

from intrachromosomal changes or from chromosomal aneuploidy. As explained by Dr. 

Ashkenazi in his Declaration (submitted with Appellants' Response filed August 31, 2004), 

An increase in gene copy number can result not only from intrachromosomal 
changes but also from chromosomal aneuploidy. It is important to understand that 
detection of gene amplification can be used for cancer diagnosis even if the 
determination includes measurement of chromosomal aneuploidy. Indeed, as long 
as a significant difference relative to normal tissue is detected, it is irrelevant if 
the signal originates from an increase in the number of gene copies per 
chromosome and/or an abnormal number of chromosomes. 

Hence, Appellants submit that gene amplification of a gene, whether by aneuploidy or 
any other mechanism, is useful as a diagnostic marker. 

The Examiner has further asserted that an increased number of chromosomes "is a very 
common characteristic of cancerous and non-cancerous epithelial cells" citing references by 
Hittelman and Crowell et aL in support. (Page 5 of the Office Action mailed March 8, 2004). 

Appellants respectfully submit that Hittelman and Crowell et al. do not disclose DNA 
amplification in "normal" tissue or cells, but in tissue that has been damaged by carcinogenic 
agents and is closely associated with tumorous tissue . 

Appellants note that the title of the Hittelman paper is "Genetic Instabilities in Epithelial 
Tissues at Risk for Cancer." Hittelman studied lung tissue from chronic smokers, which had 
been exposed for years to carcinogenic tobacco smoke. As Hittelman explains, "[t]umors of the 
aerodigestive tract have been proposed to reflect a 'field cancerization' process whereby the 
whole tissue is exposed to carcinogenic insult (e.g., tobacco smoke) and is at increased risk for 
multistep tumor development (page 3). 
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The detection of increases in chromosome number therefore identifies cells which have begun 
the first steps in this multistep progression to cancer. Even if these particular epithelial regions 
are not yet cancerous, their presence is strongly correlated with the development of cancer in the 
target tissue as a whole. Accordingly, Hittelman concludes that "the measurement of 
chromosome instability in the target tissue will be useful in assessing cancer risk as well as 
response to intervention" (page 10). 

The Crowell et al paper describes a similar study of lung tissue from smokers and former 
uranium miners. Crowell et al. found that trisomy of chromosome 7 could be detected in 
nonmalignant bronchial epithelium from patients with lung cancer distant from the site of the 
tumor and in individuals without tumors who are at high risk for lung cancer development (page 
632, col. 1) Crowell et al conclude from these results that trisomy 7 "may be useful in early 
detection and intervention for lung carcinogenesis (page 636, col. 1). 

Accordingly, both Hittelman and Crowell et al show that an increase in chromosome 
number or gene amplification is associated not with normal tissues, but with cancerous, or pre- 
cancerous tissues , and therefore, an increase in chromosome number or gene amplification is a 
useful marker for a cancerous or pre-cancerous state. Detection of pre-cancerous cells or tissues 
is useful because, as explained by Hittelman, it allows for assessing cancer risk, as well as 
response to intervention. Hence, Appellants respectfully submit that whether a pre-cancerous or 
tumor sample were analyzed, the showing of DNA amplification of the PR01755 gene would 
still be significant, since it would lead to the diagnosis of either a pre-cancerous state or a 
cancerous state, which is the utility asserted here. 

Accordingly, Appellants submit that based on the general knowledge in the art at the time 
the invention was made and the teachings in the specification, the specification provides clear 
guidance as to how to interpret and use the data relating to PR01755 nucleic acid expression and 
that the claimed nucleic acids which encode the PRO 175 5 polypeptide have utility in the 
diagnosis of cancer. 
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C. The Utility of the Claimed Nucleic Acids Does Not Depend Upon the 
Properties of the Encoded Polypeptide 

The Examiner has asserted that that the gene amplification data discussed above does not 
provide utility for the claimed PR01755 nucleic acids because "there is no evidence regarding 
whether or not PRO 175 5 mRNA or protein levels are also increased in these cancers" that show 
amplification of the gene encoding PR01755. (Page 4 of the Office Action mailed November 
24, 2004). The Examiner has cited Pennica et al in support of the assertion that "what is often 
seen is a lack of correlation between DNA amplification and increased peptide levels." (Page 4 
of the Office Action mailed November 24, 2004). The Examiner also cited Haynes et al to the 
effect that "polypeptide levels cannot be accurately predicted from mRNA levels." (Page 5 of the 
Office Action mailed November 24, 2004). 

Appellants respectfully submit that the claims of the instant application are directed to 
nucleic acids , not polypeptides. Thus the question of whether gene amplification is associated 
with increased protein expression is irrelevant. The claimed nucleic acids have utility because 
they are amplified in lung and colon tumors, and thus may be used, for example, as diagnostic 
markers for lung or colon cancer. The expression level of the encoded polypeptide is irrelevant 
to this utility. 

The Examiner has further asserted that "since the PRO 175 5 peptide has no role in the cell 
or the organism, it would not be useful to detect the PRO 1755 nucleic acids," and that further 
research "needs to be done to determine whether the small increase in PRO 1755 DNA supports a 
role for the peptide in the cancerous tissue." (Pages 5-6 of the Office Action mailed November 
24, 2004). 

Appellants reiterate that that the claims are directed to nucleic acids , not polypeptides. 
Appellants' position regarding utility for these nucleic acids is based on the overwhelming 
evidence from gene (DNA) amplification data disclosed in the specification which clearly 
indicate that the gene encoding PRO 1755 is significantly amplified in certain lung and colon 
tumors . One of skill in the art would therefore understand how to use the claimed nucleic acids 
to detect amplification of the gene encoding PR01755 as a cancer diagnostic. 
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The claimed nucleic acids can be used in cancer diagnosis without any knowledge 
regarding the function or cellular role of the encoded protein. Appellants submit that the law 
clearly states that "it is not a requirement of patentability that an inventor correctly set forth, or 
even know, how or why the invention works." Newman v. Quigg, 1 1 U.S.P.Q.2d 1340 (Fed. Cir. 
1989). Accordingly, the disclosure or identification of the mechanism by which PR01755 is 
associated with cancer is not required in order to establish the patentable utility of the claimed 
PRO 1755 nucleic acids. 

The Examiner has asserted that the Declaration of Dr. Ashkenazi filed under 37 CFR 
1. 132, is insufficient to overcome the utility rejection. The Examiner referred to the discussion 
of gene product expression in paragraph 6 of the Ashkenazi Declaration, and agreed that 
"evidence regarding lack of over-expression would be useful. The Examiner asserted, however, 
that "there is no evidence as to whether the gene products (such as the polypeptide) are over- 
expressed or not. Further research is required to determine such. Thus, the asserted utility is not 
substantial." (Page 7 of the Office Action mailed November 24, 2004). 

Appellants respectfully point out that paragraph 6 of the Ashkenazi Declaration considers 
whether gene amplification data are sufficient "to provide utility for the gene product (the 
encoded polypeptide)." The instant claims, however, are directed to nucleic acids , not 
polypeptides. In paragraph 5 of his Declaration, Dr. Ashkenazi states, "Even in the absence of 
overexpression of the gene product, amplification of a cancer marker gene - as detected, for 
example, by the reverse transcriptase TaqMan PCR or the fluorescence in situ hybridization 
(FISH) assays - is useful in the diagnosis or classification of cancer, or in predicting or 
monitoring the efficacy of cancer therapy." Accordingly, one of ordinary skill in the art would 
not doubt that the amplified nucleic acids themselves have utility. 

D. A prima facie case of lack of utility has not been established 

The Examiner has cited Hu et aL, in support of the assertion that "the literature cautions 
researchers from drawing conclusions based on small changes in transcript levels." (Page 5 of 
the Office Action mailed November 24, 2004). 
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Appellants submit that in order to overcome the presumption of truth that an assertion of 
utility by the applicant enjoys, the Examiner must establish that it is more likely than not that 
one of ordinary skill in the art would doubt the truth of the statement of utility. Accordingly, 
contrary to the Examiner's assertion, Appellants submit that Hu et al. does not conclusively show 
that it is more likely than not that gene amplification is not correlated with the biological 
significance of cancer genes. First, the title of Hu et al is "Analysis of Genomic and Proteomic 
Data Using Advanced Literature Mining." As the title clearly suggests, the conclusion suggested 
by Hu et al is merely based on a statistical analysis of the information disclosed in the published 
literature. As Hu et al states, "We have utilized a computational approach to literature mining to 
produce a comprehensive set of gene-disease relationships." In particular, Hu et al relied on the 
MedGene Database and the Medical Subject Heading (MeSH) files to analyze the gene-disease 
relationship. More specifically, Hu et al "compared the MedGene breast cancer gene list to a 
gene expression data set generated from a micro-array analysis comparing breast cancer and 
normal breast tissue samples." (See page 408, right column). 

Therefore, Appellants first submit that the reference by Hu et al only studies the 
statistical analysis of micro-array data and not gene amplification data . Therefore, their findings 
would not be directly applicable to gene amplification data. In addition, Appellants respectfully 
submit that the Hu et al reference does not show that a lack of correlation between microarray 
data and the biological significance of cancer genes is typical . 

According to Hu et al., "different statistical methods" were applied to "estimate the 
strength of gene-disease relationships and evaluated the results." (See page 406, left column, 
emphasis added). Using these different statistical methods, Hu et al "[a]ssessed the relative 
strengths of gene-disease relationships based on the frequency of both co-citation and single 
citation." (See page 41 1, left column). It is well known in the art that various statistical methods 
allow different variables to be manipulated to affect the outcome. For example, the authors 
admit, "Initial attempts to search the literature using" the list of genes, gene names, gene 
symbols, and frequently used synonyms, generated by the authors "revealed several sources of 
false positives and false negatives." (See page 406, right column). 
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The authors further admit that the false positives caused by "duplicative and unrelated meanings 
for the term" were "difficult to manage." Therefore, in order to minimize such false positives, 
Hu et al disclose that these terms "had to be eliminated entirely, thereby reducing the false 
positive rate but unavoidably under-representing some genes/ ' Id. Hence, Applicants 
respectfully submit that in order to minimize the false positives and negatives in their analysis, 
Hu et al. manipulated various aspects of the input data. 

Appellants further submit that the statistical analysis by Hu et al is not a reliable standard 
because the frequency of citation reflects only the current research interest of a molecule rather 
than the true biological function of the molecule. Indeed, the authors acknowledge that 
" [Relationship established by frequency of co-citation do not necessarily represent a true 
biological link." (See page 41 1, right column). It often happens in scientific study that important 
molecules are overlooked by the scientific society for many years until the discovery of their true 
function. Therefore, Appellants submit that Hu et al drew their conclusions based on a very 
unreliable standard and that their research does not provide any meaningful information 
regarding the correlation between microarray data and the biological significance of a molecule. 

Even assuming that Hu et al. provide evidence to support a true relationship, the 
conclusion in Hu et al only applies to a specific type of breast tumor (estrogen receptor (Ex- 
positive breast tumor) and can not be generalized as a principle governing microarray study of 
breast cancer in general, let alone the various other types of cancer genes in general . In fact, even 
Hu et al admit that., "[i]t is likely that this threshold will change depending on the disease as well 
as the experiment. Interestingly, the observed correlation was only found among ER-positive 
(breast) tumors not ER-negative tumors." (See page 412, left column). Therefore, based on 
these findings, the authors add, "This may reflect a bias in the literature to study the more 
prevalent type of tumor in the population. Furthermore, this emphasizes that caution must be 
taken when interpreting experiments that may contain subpopulations that behave very 
differently." Id. (Emphasis added). 

In summary, Appellants respectfully submit that the Examiner has not shown that a lack 
of correlation between microarray data and the biological significance of cancer genes, as 
observed for ER-positive breast tumor, is typical 
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Since the standard is not absolute certainty, a prima facie showing of lack of utility has not been 
made in this instance. The Patent Office has failed to meet its initial burden of proof that 
Appellants' claims of utility are not substantial or credible. The arguments presented by the 
Examiner in combination with the Hu et al. article do not provide sufficient reasons to doubt the 
statements by Appellants that PRO 175 5 has utility. Therefore, Appellants submit that the 
Examiner's reasoning is based on a misrepresentation of the scientific data presented in the above 
cited reference and application of an improper, heightened legal standard. 

E. It is "more likely than not" for amplified genes to have increased mRNA and 
protein levels 

Appellants maintain that, as discussed above, because the claims are directed to nucleic 
acids, not polypeptides, whether or not gene amplification is correlated with increased mRNA 
and protein levels is not relevant to the asserted utility for the claimed nucleic acids. Appellants 
nonetheless submit that, contrary to what the Examiner contends, the art indicates that if a gene is 
amplified in cancer, it is more likely than not that the encoded protein will be expressed at an 
elevated level. 

Appellants have submitted ample evidence to show that, in general, if a gene is amplified 
in cancer, it is more likely than not that the encoded protein will be expressed at an elevated 
level. First, the articles by Orntoft et al, Hyman et al., and Pollack et al., (made of record in 
Appellants' Response filed August 31, 2004) collectively teach that in general gene amplification 
increases mRNA expression . Second, the Declaration of Dr. Paul Polakis, principal investigator 
of the Tumor Antigen Project of Genentech, Inc., the assignee of the present application, shows 
that, in general there is a correlation between mRNA levels and polypeptide levels . Thus, taken 
together, all of the submitted evidence supports Applicants' position that gene amplification is 
more likely than not predictive of increased mRNA and polypeptide levels. 

Appellants submit that there are numerous articles which show that generally, if a gene is 
amplified in cancer, it is more likely than not that the mRNA transcript will be expressed at an 
elevated level For example, Orntoft et al. (Mol. and Cell. Proteomics, 2002, vol 1, pages 37-45 
- made of record in Appellants' Response filed August 31, 2004) studied transcript levels of 5600 
genes in malignant bladder cancers, many of which were linked to the gain or loss of 
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chromosomal material using an array-based method. Orntoft et al showed that there was a gene 
dosage effect and taught that "in general (18 of 23 cases) chromosomal areas with more than 2- 
fold gain of DNA showed a corresponding increase in mRNA transcripts' 1 (see column 1, 
abstract). In addition, Hyman et al {Cancer Res., 2002, vol 62, pages 6240-45 - made of record 
in Appellants' Response filed August 31, 2004) showed, using CGH analysis and cDNA 
microarrays which compared DNA copy numbers and mRNA expression of over 12,000 genes in 
breast cancer tumors and cell lines, that there was "evidence of a prominent global influence of 
copy number changes on gene expression levels." (See page 6244, column 1, last paragraph). 
Additional supportive teachings were also provided by Pollack et al, (PNAS, 2002, vol. 99, 
pages 12963-12968 - made of record in Appellants' Response filed August 31, 2004) who studied 
a series of primary human breast tumors and showed that ". . .62% of highly amplified genes 
show moderately or highly elevated expression, and DNA copy number influences gene 
expression across a wide range of DNA copy number alterations (deletion, low-, mid- and high- 
level amplification), and that on average, a 2-fold change in DNA copy number is associated 
with a corresponding 1 .5 -fold change in mRNA levels." Thus, these articles collectively teach 
that in general, gene amplification increases mRNA expression . 

In addition, in their Response filed August 31, 2004, Appellants submitted a Declaration 
by Dr. Polakis, principal investigator of the Tumor Antigen Project of Genentech, Inc., the 
assignee of the present application, to show that mRNA expression correlates well with protein 
levels, in general. As Dr. Polakis explains, the primary focus of the microarray project was to 
identify tumor cell markers useful as targets for both the diagnosis and treatment of cancer in 
humans. The scientists working on the project extensively rely on results of microarray 
experiments in their effort to identify such markers. As Dr. Polakis explains, using microarray 
analysis, Genentech scientists have identified approximately 200 gene transcripts (mRNAs) that 
are present in human tumor cells at significantly higher levels than in corresponding normal 
human cells. To the date of the Declaration, they have generated antibodies that bind to about 30 
of the tumor antigen proteins expressed from these differentially expressed gene transcripts and 
have used these antibodies to quantitatively determine the level of production of these tumor 
antigen proteins in both human cancer cells and corresponding normal cells. 
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Having compared the levels of mRNA and protein in both the tumor and normal cells analyzed, 
they found a very good correlation between mRNA and corresponding protein levels. 
Specifically, in approximately 80% of their observations they have found that increases in the 
level of a particular mRNA correlates with changes in the level of protein expressed from that 
mRNA. While the proper legal standard is to show that the existence of correlation between 
mRNA and polypeptide levels is more likely than not, the showing of approximately 80% 
correlation for the molecules tested according to the Polakis Declaration greatly exceeds this 
legal standard. Based on these experimental data and his vast scientific experience of more than 
20 years, Dr. Polakis states that, for human genes, increased mRNA levels typically correlate 
with an increase in abundance of the encoded protein. He further confirms that "it remains a 
central dogma in molecular biology that increased mRNA levels are predictive of corresponding 
increased levels of the encoded protein." 

Appellants further note that the sale of gene expression chips to measure mRNA levels is 
a highly successful business, with a company such as Affymetrix recording 168.3 million dollars 
in sales of their GeneChip arrays in 2004. Clearly, the research community believes that the 
information obtained from these chips is useful (i.e., that it is more likely than not informative of 
the protein level). 

Taken together, although there are some examples in the scientific art that do not fit 
within the central dogma of molecular biology that there is a correlation between polypeptide and 
mRNA levels, these instances are exceptions rather than the rule. In the majority of amplified 
genes , the teachings in the art, as exemplified by Orntoft et al., Hyman et al., Pollack et al, and 
the Polakis Declaration, overwhelmingly show that gene amplification influences gene 
expression at the mRNA and protein levels. Thus, one of skill in the art would reasonably expect 
in this instance, based on the amplification data for the PRO 175 5 gene, that the PRO 175 5 
polypeptide is concomitantly overexpressed. Accordingly, Applicants submit that the PRO 175 5 
polypeptides and nucleic acids have utility in the diagnosis of cancer and based on such a utility, 
one of skill in the art would know exactly how to use the claimed nucleic acids for diagnosis of 
cancer. 
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With regard to the correlation between mRNA expression and protein levels, the 
Examiner has asserted that the Polakis Declaration is insufficient to overcome the rejection of 
claims 33, 38-40 and 44-54 since it is limited to a discussion of data regarding the correlation of 
mRNA levels and polypeptide levels and not gene amplification levels. The Examiner further 
asserted that the declaration does not provide data such that the Examiner can independently 
draw conclusions. (Page 8 of the Office Action mailed November 24, 2004). 

Appellants submit that Dr. Polakis' Declaration was presented to support the position that 
there is a correlation between mRNA levels and polypeptide levels, the correlation between gene 
amplification and mRNA levels having already been established by the data shown in the Orntoft 
et al, Hyman et al, and Pollack et al. articles. Appellants emphasize that the opinions expressed 
in the Polakis Declaration, including the quoted statement, are all based on factual findings. 
Thus, Dr. Polakis explains that in the course of their research using microarray analysis, he and 
his co-workers identified approximately 200 gene transcripts that are present in human tumor 
cells at significantly higher levels than in corresponding normal human cells. Subsequently, 
antibodies binding to about 30 of these tumor antigens were prepared, and mRNA and protein 
levels were compared. In approximately 80% of the cases, the researchers found that increases in 
the level of a particular mRNA correlated with changes in the level of protein expressed from 
that mRNA when human tumor cells are compared with their corresponding normal cells. Dr. 
Polakis' statement that "an increased level of mRNA in a tumor cell relative to a normal cell 
typically correlates to a similar increase in abundance of the encoded protein in the tumor cell 
relative to the normal cell" is based on factual, experimental findings, clearly set forth in the 
Declaration. Accordingly, the Declaration is not merely conclusive, and the fact-based 
conclusions of Dr. Polakis would be considered reasonable and accurate by one skilled in the art. 

The case law has clearly established that in considering affidavit evidence, the Examiner 
must consider all of the evidence of record anew. 18 



18 In re Rinehart, 531 F.2d 1084, 189 U.S.P.Q. 143 (C.C.P.A. 1976); In re Piasecki, 745 F.2d. 1015, 226 
U.S.P.Q. 881 (Fed. Cir. 1985). _23- 
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"After evidence or argument is submitted by the applicant in response, patentability is determined 
on the totality of the record, by a preponderance of the evidence with due consideration to 
persuasiveness of argument" 19 Furthermore, the Federal Court of Appeals held in In re Alton, 
"We are aware of no reason why opinion evidence relating to a fact issue should not be 
considered by an examiner" 20 . Applicants also respectfully draw the Examiner's attention to the 
Utility Examination Guidelines 21 which states, "Office personnel must accept an opinion from a 
qualified expert that is based upon relevant facts whose accuracy is not being questioned; it is 
improper to disregard the opinion solely because of a disagreement over the significance or 
meaning of the facts offered." The statement in question from an expert in the field (the Polakis 
Declaration) states that "it is my considered scientific opinion that for human genes, an increased 
level of mRNA in a tumor cell relative to a normal cell typically correlates to a similar increase 
in abundance of the encoded protein in the tumor cell relative to the normal cell." Therefore, 
barring evidence to the contrary regarding the above statement in the Polakis Declaration, this 
rejection is improper under both the case law and the Utility guidelines. 

Taken together, although there are some examples in the scientific art that do not fit 
within the central dogma of molecular biology that there is a correlation between polypeptide and 
mRNA levels, these instances are exceptions rather than the rule. In the majority of amplified 
genes , the teachings in the art, as exemplified by Orntoft et al, Hyman et al, Pollack et aL, and 
the Polakis Declaration, overwhelmingly show that gene amplification influences gene 
expression at the mRNA and protein levels. Therefore, one of skill in the art would reasonably 
expect in this instance, based on the amplification data for the PRO 175 5 gene, that the PRO 175 5 
polypeptide is concomitantly overexpressed. Thus, Appellants submit that the PR01755 
polypeptides, as well as the claimed nucleic acids which encode them, have utility in the 
diagnosis of cancer. 



19 In re Alton, 37 U.S.P.Q.2d 1578, 1584 (Fed. Cir. 1996) (quoting In re Oetiker, 977 F.2d 1443, 1445, 24 
U.S.P.Q.2d 1443, 1444 (Fed. Cir. 1992)). 

20 In re Alton, supra. 

21 Part IIB, 66 Fed. Reg. 1098 (2001). 
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For the reasons given above, Appellants respectfully submit that the present specification 
clearly describes, details and provides a patentable utility for the claimed invention. 
Accordingly, Appellants respectfully request reconsideration and reversal of the rejections of 
Claims 33, 38-40 and 44-54 under 35 U.S.C. §101. 

ISSUE II: Claims 33, 38-40 and 44-54 satisfy the enablement requirement of 35 USC $112, 
first paragraph. 

Claims 33, 38-40 and 44-54 stand rejected under 35 U.S.C. §112, first paragraph, allegedly 
"since the claimed invention is not supported by either a specific and substantial asserted utility or a 
well established utility . . . one skilled in the art clearly would not know how to use the claimed 
invention." (Page 4 of the Office Action mailed November 24, 2004). 

In this regard, Appellants refer to the arguments and information presented above in 
response to the outstanding rejection under 35 U.S.C. §101, wherein those arguments are 
incorporated by reference herein. Appellants respectfully submit that as described above, the 
nucleic acids encoding the PRO 1755 polypeptide have utility in the diagnosis of cancer and 
based on such a utility, one of skill in the art would know exactly how to use the claimed nucleic 
acids for diagnosis of cancer, without undue experimentation. One of skill in the art would also 
know exactly how to use the claimed fragments of SEQ ID NO:351, for example as probes to detect 
gene amplification of SEQ ID NO:351 (encoding PR01755) wherein such gene amplification can 
be used as a diagnostic marker for lung and colon tumors. 

Accordingly, Appellants respectfully request reconsideration and reversal of the 
enablement rejection of Claims 33, 38-40 and 44-54 under 35 U.S.C. §112, first paragraph. 
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CONCLUSION 

For the reasons given above, Appellants submit that the specification discloses at least 
one patentable utility for the PR01755 nucleic acids of Claims 33, 38-40 and 44-54, and that one 
of ordinary skill in the art would understand how to used the claimed nucleic acids, for example 
in the diagnosis of lung and colon tumors. Therefore, claims 33, 38-40 and 44-54 meet the 
requirements of 35 USC §101 and 35 USC §112, first paragraph. 

Accordingly, reversal of all the rejections of claims 33, 38-40 and 44-54 is respectfully 
requested. 

Please charge any additional fees, including fees for additional extension of time, or 
credit overpayment to Deposit Account No. 08-1641 (referencing Attorney's Docket 
No. 39780-2830 P1C64) . 

Respectfully submitted, 

Date: August 24, 2005 By:_ 

Barrie D. Greene (Reg. No. 46,740) 

HELLER EHRMAN LLP 

275 Middlefield Road 
Menlo Park, California 94025-3506 
Telephone: (650) 324-7000 
Facsimile: (650) 324-0638 
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8. CLAIMS APPENDIX 

Claims on Appeal 

33. An isolated nucleic acid comprising: 

(a) the nucleic acid sequence of SEQ ID NO:35 1 ; 

(b) the full-length coding sequence of the nucleic acid sequence of SEQ ID NO:351; 

or 

(c) the full-length coding sequence of the cDNA deposited under ATCC accession 
number 20347 1. 

38. The isolated nucleic acid of Claim 33 comprising the nucleic acid sequence of 
SEQIDNO:351. 

39. The isolated nucleic acid of Claim 33 comprising the full-length coding sequence 
of the nucleic acid sequence of SEQ ID NO:351. 

40. The isolated nucleic acid of Claim 33 comprising the full-length coding sequence 
of the cDNA deposited under ATCC accession number 203471. 

44. A vector comprising the nucleic acid of Claim 33. 

45. The vector of Claim 44, wherein said nucleic acid is operably linked to control 
sequences recognized by a host cell transformed with the vector. 

46. A host cell comprising the vector of Claim 44. 

47. The host cell of Claim 46, wherein said cell is a CHO cell, an E, coli or a yeast 

cell. 

48. An isolated nucleic acid molecule at least 20 nucleotides in length that hybridizes 
under stringent conditions to: 

(a) the nucleic acid sequence of SEQ ID NO:35 1 or a complement thereof; 

(b) the full-length coding sequence of the cDNA deposited under ATCC accession 
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number 203471 or a complement thereof; 

wherein, said stringent conditions use 50% formamide, 5 x SSC, 50 mM sodium 
phosphate (pH 6.8), 0.1% sodium pyrophosphate, 5x Denhardt's solution, sonicated salmon 
sperm DNA (50 fig/ml), 0.1% SDS, and 10% dextran sulfate at 42 °C, with washes at 42 °C in 
0.2 x SSC and 50% formamide at 55 °C, followed by a wash comprising of 0.1 x SSC containing 
EDTA at 55 °C, wherein said isolated nucleic acid molecule is suitable for use as a PCR primer 
or probe. 

49. The isolated nucleic acid molecule of Claim 48 that is at least 50 nucleotides. 

50. The isolated nucleic acid molecule of Claim 48 that is at least 60 nucleotides. 

51 . The isolated nucleic acid molecule of Claim 48 that is at least 70 nucleotides. 

52. The isolated nucleic acid molecule of Claim 48 that is at least 80 nucleotides. 

53. The isolated nucleic acid molecule of Claim 48 that is at least 90 nucleotides. 

54. The isolated nucleic acid molecule of Claim 48 that is at least 100 nucleotides. 
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9. EVIDENCE APPENDIX 

1 . Declaration of Audrey D. Goddard, Ph.D. under 37 C.F.R. §1.132, with attached Exhibits 
A-G: 

A. Curriculum Vitae of Audrey D. Goddard, Ph.D. 

B. Higuchi, R. et al, "Simultaneous amplification and detection of specific DNA 
sequences," Biotechnology 10:413-417 (1992). 

C. Livak, K.J., et al., "Oligonucleotides with fluorescent dyes at opposite ends provide a 
quenched probe system useful for detecting PCR product and nucleic acid hybridization," PCR 
Methods Appl 4:357-362 (1995). 

D. Heid, C.A. et al, "Real time quantitative PCR," Genome Res. 6:986-994 (1996). 

E. Pennica, D. et al., "WISP genes are members of the connective tissue growth factor 
family that are up-regulated in Wnt-1 -transformed cells and aberrantly expressed in human colon 
tumors," Proc. Natl Acad. Sci. USA 95:14717-14722 (1998). 

F. Pitti, R.M. et al., "Genomic amplification of a decoy receptor for Fas ligand in lung and 
colon cancer," Nature 396:699-703 (1998). 

G. Bieche, I. et al., "Novel approach to quantitative polymerase chain reaction using real- 
time detection: Application to the detection of gene amplification in breast cancer," Int. J. Cancer 
78:661-666(1998). 

2. Declaration of Paul Polakis, Ph.D. under 37 C.F.R. §1.132. 

3. Declaration of Avi Ashkenazi, Ph.D. under 37 C.F.R. §1.132; with attached Exhibit A 
(Curriculum Vitae). 

4. Orntoft, T.F., et al, "Genome-wide Study of Gene Copy Numbers, Transcripts, and 
Protein Levels in Pairs of Non-Invasive and Invasive Human Transitional Cell Carcinomas," 
Molecular & Cellular Proteomics 1 :37-45 (2002). 

5. Hyman, E., et al., "Impact of DNA Amplification on Gene Expression Patterns in Breast 
Cancer," Cancer Research 62:6240-6245 (2002). 
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6. Pollack, J.R., et al., "Microarray Analysis Reveals a Major Direct Role of DNA Copy 
Number Alteration in the Transcriptional Program of Human Breast Tumors," Proc. Natl. Acad. 
Sci. USA 99:12963-12968 (2002). 

7. Hanna, J.S., et al., "HER-2/neu Breast Cancer Predictive Testing," Pathology Associates 
Medical Laboratories (1999). 

8. Hittelman, W., "Genetic instability in epithelial tissues at risk for cancer," Ann. NY Acad 
Sci. 952:1-12(2001). 

9. Crowell, et al., "Detection of trisomy 7 in nonmalignant bronchial epithelium from lung 
cancer patients and individuals at risk for lung cancer," Cancer Epidemiol 5:631-637 (1996). 

10. Pennica, D. et al., "WISP genes are members of the connective tissue growth factor family 
that are up-regulated in Wnt-1 -transformed cells and aberrantly expressed in human colon tumors," 
Proc. Natl Acad. Sci. USA 95:14717-14722 (1998). 

1 1 . Haynes, P. A., et al., "Proteome analysis: Biological assay or data archive?" Electrophoresis 
19:1862-1871 (1996). 

12. Hu, Y. et al., "Analysis of genomic and proteomic data using advanced literature mining," 
Journal of Proteome Research 2:405-412 (2003). 

Items 1-3 were submitted with Appellants' Response filed August 31, 2004, and made of record by 
the Examiner in the Office Action mailed November 24, 2004. 

Items 4-7 were made of record by Appellants in their IDS filed August 31, 2004, and marked as 
considered by the Examiner on November 15, 2004. 

Items 8-9 were made of record by the Examiner in the Office Action mailed March 8, 2004. 
Items 10-12 were made of record by the Examiner in the Office Action mailed November 24, 2004. 

SV2UJ6G1 vl 
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DECLARATION OF AUDREY D. GODDARD, Ph.D UNDER 37 CFJl § 1.132 

Assistant Commissioner of Patents 
Washington, D.C. 20231 



Sin 

I, Audrey D. Goddard, Ph.D. do hereby declare and say as follows: 

1 . I am a Senior Clinical Scientist at the Experimental Medicine/BioOncology, Medical 
Affairs Department of Genentech, Inc., South San Francisco, California 94080. 

2. Between 1 993 and 200 1 , 1 headed the DNA Sequencing Laboratory at the Molecular 
Biology Department of Genentech, Inc. During this time, my responsibilities included the 
identification and characterization of genes contributing to the oncogenic process, and determination 
of the chromosomal localization of novel genes. 

3 . My scientific Curriculum Vitae, including my list of publications, is attached to and 
forms part of this Declaration (Exhibit A), 



Serial No.: * 
Filed:* 

4. I am familiar with a variety of techniques known in the art for detecting and 
quantifying the amplification of oncogenes in cancer, including the quantitative TaqMan PCR (i.e., 
"gene amplification") assay described in the above captioned patent application. 

5. The TaqMan PCR assay is described, for example, in the following scientific 
publications: Higuchi et a!., Biotechnology 10:413-417 (1992) (Exhibit B); Livak et aL t PCR 
Methods AppL 4:357-362 (1995) (Exhibit C> and Heid et al. 9 Genome Res. 6:986-994 (1996) 
(Exhibit D). Briefly, the assay is based on the principle that successful PCR yields a fluorescent 
signal due to Taq DNA polyrnerase-mediated exonuclease digestion of a fluorescently labeled 
oligonucleotide that is homologous to a sequence between two PCR primers. The extent of 
digestion depends directly on the amount of PCR, and can be quantified accurately by measuring the 
increment in fluorescence that results from decreased energy transfer. This is an extremely sensitive 
technique, which allows detection in the exponential phase of the PCR reaction and, as a result, 
leads to accurate determination of gene copy number. 

6. The quantitative fluorescent TaqMan PCR assay has been extensively and 
successfully used to characterize genes involved in cancer development and progression. 
Amplification of protooncogenes has been studied in a variety of human tumors, and is widely 
considered as having etiological, diagnostic and prognostic significance. This use of the quantitative 
TaqMan PCR assay is exemplified by the following scientific publications: Pennica et a/., Proc. 
Natl. Acad. Sci. USA 95(25):14717-14722 (1998) (Exhibit E); Pitti et aL, Nature 
396(6712):699-703 (1998) (Exhibit F) and Bieche et aL, Int. J. Cancer 78:661-666 (1998) (Exhibit 
G), the first two of which I am co-author. In particular, Pennica et aL have used the quantitative 
TaqMan PCR assay to study relative gene amplification of WISP and c-myc in various cell lines, 
colorectal tumors and normal mucosa. Pitti et aL studied the genomic amplification of a decoy 
receptor for Fas ligand in lung and colon cancer, using the quantitative TaqMan PCR assay. Bieche 
et aL used the assay to study gene amplification in breast cancer. 



# 



Serial No.: * 
Filed: * 



7. It is my personal experience that the quantitative TaqMan PCR technique is 
technically sensitive enough to detect at least a 2-fold increase in gene copy number relative to 
control. It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a tumor tissue sample relative to a normal (i.e., non-tumor) sample is significant and 
useful in that the detected increase in gene copy number in the tumor sample relative to the normal 
sample serves as a basis for using relative gene copy number as quantitated by the TaqMan PCR 
technique as a diagnostic marker for the presence or absence of tumor in a tissue sample of unknown . 
pathology. Accordingly, a gene identified as being amplified at least 2-fold by the quantitative 
TaqMan PCR assay in a tumor sample relative to a normal sample is useful as a marker for the 
diagnosis of cancer, for monitoring cancer development and/or for measuring the efficacy of cancer 
therapy. 

8. r declare further that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true. I declare that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 ofTitle 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 

Date Audrey D. Goddard, Ph.D. 
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• 



AUDREY D. GODDARD, Ph.D. 



Genentech, Inc. 
1 DNA Way 

South San Francisco, CA, 94080 

650.225.6429 

goddarda@gene.com 



110 Congo St. 

San Francisco, CA, 94131 

415.841.9154 

415.819.2247 (mobile) 

agoddard@pacbell.net 



PROFESSIONAL EXPERIENCE 



Genentech, Inc. 



1993-present 



South San Francisco, C A 

2001 -present Senior Clinical Scientist 
Experimental Medicine / BioOncology, Medical Affairs 

Responsibilities: 

o Companion diagnostic oncology products 

o Acquisition of clinical samples from Genentech's clinical trials for translational research 
o Translational research using clinical specimen and data for drug development and 
diagnostics 

o Member of Development Science Review Committee, Diagnostic Oversight Team, 21 CFR 
Part 11 Subteam 

Interests: 

o Ethical and legal implications of experiments with clinical specimens and data 
o Application of pharmacogenomics in clinical tnals 



1998-2001 Senior Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities: 

© Management of a laboratory of up to nineteen -including postdoctoral fellow, associate 

scientist, senior research associate and research assistants/associate levels 
o Management of a $750K budget 

o DNA sequencing core facility supporting a 350+ person research facility. 

o DNA sequencing for high throughput gene discovery, - ESTs, cDNAs, and constructs 

o Genomic sequence analysis and gene identification 

o DNA sequence and primary protein analysis 

Research: 

o Chromosomal localization of novel genes 

o Identification and characterization of genes contributing to the oncogenic process 

o Identification and characterization of genes contributing to inflammatory diseases 

o Design and development of schemes for high throughput genomic DNA sequence analysis 

o Candidate gene prediction and evaluation 
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1993-1998 



Scientist 



Head of the DNA Sequencing Laboratory, Molecular Biology Department/Research 
Responsibilities 

o DNA sequencing core facility supporting a 350+ person research facility 

o Assumed responsibility for a pre-existing team of five technicians and expanded the group 

into fifteen, introducing a level of middle management and additional areas of research 
o Participated in the development of the basic plan for high throughput secreted protein 

discovery program - sequencing strategies, data analysis and tracking, database design 
o High throughput EST and cDNA sequencing for new gene identification. 
o Design and implementation of analysis tools required for high throughput gene identificatio 
o Chromosomal localization of genes encoding novel secreted proteins. 

Research: 

o Genomic sequence scanning for new gene discovery, 
o Development of signal peptide selection methods. 
q Evaluation of candidate disease genes. 

o Growth hormone receptor gene SNPs in children with Idiopathic short stature 

Imperial Cancer Research Fund 1989-1992 
London, UK with Dr. Ellen Solomon 

6/89-12/92 Postdoctoral Fellow 

o Cloning and characterization of the genes fused at the acute promyelocyte leukemia 

translocation breakpoints on chromosomes 17 and 15. 
o Prepared a successfully funded European Union multi-center grant application 

Mcftflaster University 1983 
Hamilton, Ontario, Canada with Dr. G. D. Sweeney 

5/83 - 8/83: NSERC Summer Student 

o In vitro metabolism of p-naphthoflavone in C57BI/6J and DBA mice 



EDUCATION 



"Phenotypic and genotypic effects of mutations in 
the human retinoblastoma gene." 
Supervisor: Dr. R. A. Phillips 



Ph.D. 



University of Toronto 
Toronto, Ontario, Canada. 
Department of Medical 
Biophysics. 



1989 



Honours B.Sc 

"The in vitro metabolism of the cytochrome P-448 
inducer p-naphthoflavone in C57BU6J mice." 
Supervisor: Dr. G. D. Sweeney 



McMaster University, 
Hamilton, Ontario, Canada. 
Department of Biochemistry 



1983 
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ACADEMIC AWARDS 



Imperial Cancer Research Fund Postdoctoral Fellowship 

Medical Research Council Studentship 

NSERC Undergraduate Summer Research Award 

Society of Chemical Industry Merit Award (Hons. Biochem.) 

Dr. Harry Lyman Hooker Scholarship 

J.L.W. Gill Scholarship 

Business and Professional Women's Club Scholarship 
Wyerhauser Foundation Scholarship 



1989-1992 
1983-1988 
1983 



1983 



1981-1983 
1981-1982 
1980-1981 
1979-1980 



INVITED PRESENTATIONS 

Genentech's gene discovery pipeline: High throughput identification, cloning and 
characterization of novel genes. Functional Genomics: From Genome to Function, Litchfield 
Park, AZ, USA. October 2000 

High throughput identification, cloning and characterization of novel genes. G2K:Back to 
Science, Advances in Genome Biology and Technology I. Marco Island, FL, USA. February 



Quality control in DNA Sequencing: The use of Phred and Phrap. Bay Area Sequencing 
Users Meeting, Berkeley, CA, USA. April 1999 

High throughput secreted protein identification and cloning. Tenth International Genome 
Sequencing and Analysis Conference, Miami, FL, USA. September 1998 

The evolution of DNA sequencing: The Genentech perspective. Bay Area Sequencing Users 
Meeting, Berkeley, CA, USA. May 1998 

Partial Growth Hormone Insensitivity: The role of GH-receptor mutations in Idiopathic Short 
Stature. Tenth Annual National Cooperative Growth Study Investigators Meeting, San 
Francisco, CA, USA. October, 1 996 

Growth hormone (GH) receptor defects are present in selected children with non-GH-deficient 
short stature: A molecular basis for partial GH-insensitivity. 76 th Annual Meeting of The 
Endocrine Society, Anaheim, CA, USA. June 1 994 

A previously uncharacterized gene, myl, is fused to the retinoic acid receptor alpha gene in 
acute promyelocyte leukemia. XV International Association for Comparative Research on 
Leukemia and Related Disease, Padua, Italy. October 1991 



2000 
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PATENTS 

Goddard A, Godowski PJ, Gurney AL. NL2 Tie ligand homologue polypeptide. Patent 
Number: 6,455,496. Date of Patent: Sept. 24, 2002. 

Goddard A, Godowski PJ and Gurney AL. NL3 Tie ligand homologue nucleic acids. Patent 
Number: 6,426,218. Date of Patent: July 30, 2002. 

Godowski P, Gurney A, Hillan KJ, Botstein D, Goddard A, Roy M, Ferrara N, Tumas D, 
Schwall R. NL4 Tie ligand homologue nucleic acid. Patent Number: 6,4137,770. Date of 
Patent: July 2, 2002. 

Ashkenazi A, Fong S, Goddard A, Gurney AL, Napier MA, Tumas D, Wood Wl. Nucleic acid 
encoding A-33 related antigen poly peptides. Patent Number. 6,410,708. Date of Patent:: 
Jun. 25, 2002. 

Botstein DA, Cohen RL, Goddard AD, Gurney AL, Hillan KJ, Lawrence DA, Levine AJ, 
Pennica D, Roy MA and Wood Wl. WISP polypeptides and nucleic acids encoding same. 
Patent Number: 6,387,657. Date of Patent: May 14, 2002. 

Goddard A, Godowski PJ and Gurney AL. Tie ligands. Patent Number: 6,372,491. Date of 
Patent: April 16, 2002. 

Godowski PJ, Gurney AL, Goddard A and Hillan K. TIE ligand homologue antibody. Patent 
Number: 6,350,450. Date of Patent: Feb. 26, 2002. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Tie 
receptor tyrosine kinase ligand homologues. Patent Number 6,348,351 . Date of Patent: 
Feb. 19,2002. 

Goddard A, Godowski PJ and Gurney AL. Ligand homologues. Patent Number 6,348,350. 
Date of Patent: Feb. 19, 2002. 

Attie KM, Carlsson LMS, Gesundheit N and Goddard A. Treatment of partial growth 
hormone insensitivity syndrome. Patent Number: 6,207,640. Date of Patent: March 27, 
2001. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Nucleic 
acids encoding NL-3. Patent Number: 6,074,873. Date of Patent: June 13, 2000 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,824,642. Date of Patent: October 20, 1998 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,646,1 13. Date of Patent: July 8, 1997 

Multiple additional provisional applications filed 
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PUBLICATIONS 

Seshasayee D, Dowd P, Gu Q, Erickson S, Goddard AD Comparative sequence analysis of 
the HER2 locus in mouse and man. Manuscript in preparation. 

Abuzzahab MJ, Goddard A, Grigorescu F, Lautier C f Smith RJ and Chernausek SD. Human 
IGF-1 receptor mutations resulting in pre- and post-natal growth retardation. Manuscript in 
preparation. 

Aggarwal S, Xie, M-H, Foster J, Frantz G, Stinson J, Corpuz RT, Simmons L, Hillan K, 
Yansura DG, Vandlen RL, Goddard AD and Gurney AL. FHFR, a novel receptor for the 
fibroblast growth factors. Manuscript submitted. 

Adams SH, Chui C, Schilbach SL, Yu XX, Goddard AD, Grimaldi JC, Lee J, Dowd P, Colman 
S„ Lewin DA. (2001) BF1T, a unique acyl-CoA thioesterase induced in thermogenic brown 
adipose tissue: Cloning, organization of the human gene, and assessment of a potential link 
to obesity. Biochemical Journal 360: 1 35-1 42. 

Lee J. Ho WH. Maruoka M. Corpuz RT. Baldwin DT. Foster JS. Goddard AD. Yansura DG. 
Vandlen RL. Wood Wl. Gurney AL. (2001) IL-17E, a novel proinflammatory ligand for the IL- 
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We have enhanced the polymerase chain 
reaction (PGR) such that specific DNA 
sequences can be detected without open- 
ing the reaction tube. This enhancement 
requires the addition of ethidium bromide 
(EtBr) to a PGR. Since the fluorescence of 
EtBr increases in the presence of double* 
stranded (ds) DNA an Increase in fluores- 
cence in such a PGR indicates a positive 
amplification, which can be e&sily moni- 
tored externally* In fact, amplification can 
be continuously monitored in order to 
follow its progress. The ability to simulta- 
neously amplify specific DNA sequences 
and detect the product of the amplification 
both simplifies and improves PGR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situations requiriag high sample through- 
put 



Although the potential benefit* of PCR 1 tocuu- 
kal c&gnostics arc well known**, it k still not 
widely used in this setting even though it is 
four year* fiinco thcrcno*t=*fel« P^A polymer- 
ase** made PGR wacticaL Some of the rfcasbns for its $low. 
acceptance are high cost, lack of automation of pre- and 
post-PCR processing steps, and false positive results, from 
carryover-contamination. The first two points arc related 
in that labor is the largest contributor to cost flit the present 
stage of PGR dcveloprneaL Most Current assays require 
some form of "downstream" processing once tfiermocy- 
ding is done in order to determine whether the target 
DNA sequence was- present and has amplified. These 
include DNA hybridisation** gel eJecSr^boresis with or 
without use of restriction digestion 7 ;*, HPLCr, or capillary 
electrophoresis 10 * These methods are labor-intense, hare 
low throughput, and arc difficult to automate. The third 
point is also closely related to downstream processing. 
The handling of the VCk product in these downstream 
processes increases the chances that araplirTed DNA . will 
spread through die typing lab, resulting in a risk of 



"carryover" false positives in subsequent testing". 

These downstream processing steps would be elimi- 
nated if specific amplification and detection of amplified 
DNA Cook place sknuftancously within an unopened re- 
action vessel Assays in which such different processes take 
place without the need to separate reaction components 
have been termed T^omogeneous''. .No truly homoge- 
neous PCR assay has been demonstrated to date, although 
progress towards this end has been reported. Chehab, et 
al 1 * developed a PCR product detection scheme using 
fluorescent primers that resulted in a fiuorcscent PCR 
product Allcfc-fipecific primers, each with different fluo- 
rescent tags, were used to indicate the genotype of the 
DNA. However, the unincorporated primers must still be 
removed in a downstream process in order to visualize the 
result Recently, Hofland, et al> 13 , developed an assay in 
which the eiuaogenous 5 r cxdnudease assay of Taf DNA 
polymerase was exploited to deave a labeled oligonucleo- 
tide probe. The probe would only dcave if PCR amp£6- 
cation had produced its complementary sequence. In 
oider to detect the dcavage products, however* a subse- 
quent process w again needed. 

We have developed a truly homogeneous assay for PCR 
and PCR product detection based upon tbc gready in- 
creased fluorescence that ethidium bromide and other 
DNA binding dyes exhibit when they are bound to ds- 
DNA 14 - 1 *. As outhned in Figure J, a prototype PCR 
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RQQ8E 1 fVindnjc of simultancotia amnfificarion and dctectcOA of . 
PCR product, The components of a FcR containing Etftt dial arc 
duoresemf are fated— ttBr itsel t EtBr bound to other ssDNA or 
dsDNA There h a lar§c n^rcsccncc enhannrtnent when EtBr is 
bound to 0NA and twndinjr is greatly enhanced when DNA .is 
douhte-straridcd. AfW sumcicTit <n) cjdes of PGR* the net 
incrane tn dlspNA results in additional EtBr blading, and a net 
increase in total fliuxrcLsccncei 
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flfiW 2 Gd ekctrophoresis of PGR. ana ptification prod wets of the 
human, uudcar geno, HLA DQtt, made in the presence of 
increasing amounts of EtBr (up to 8 ^gftnl). The presence of 
fctBr iws no Obvious effect On lite ykld or specificity of amplifi- 
cation. 




B. 




R€CR£ 3 (A) Fluorescence measurement from PCRs that contain 
0.5 ugfad EtBr and that are specific for Y<hrottto$oi»c repeat 
sequence*. Five replicate FCRs/*ere begun CQPtatoirig each Of the 
DNA* specified. At rack indicated cycle, one of the five repGcatc 
PCRs for cads DNA was removed from Lhcrmocyding and H$ 
fluorescence measured. Units of fluorescence are arbitrary, (B) 
UV photography of PGR tube* (JOS ml Eppcodorf^tyic, |XHyprc~ 
pykne microcentrifuge tubes) containing reactions, those start* 
mg £roni 2 ng male DNA and control reactions without any DMA, 
from (A). 



begins with primers that are single-Stranded DNA {ss- 
DNA), dNTPs, and DNA polymerase; An amount of 
dsDNA containmg the target sequence (target DNA) is 
also typically present. This amount can vary, depending 
on the application, from single-cell amounts of DNA 17 to 
micrograms per KIR* 8 . If EtBr is present/ the reagents 
that will fluoresce, in order of increasing fluorescence, are 
free EtBr itself, and EtBr bound to the singfe-stranded 
DNA primers and co the double-stranded target DNA (by 
its intercalation between the stacked bases of the DNA 
doubJc^hcfix). After the first denatu ration cyde* target 
DNA will be largefy single-stranded. After a PGR is 
completed, the most significant change is the increase in 
the amount of dsDNA (the PGR product itself) of up to 
several inierdgrams- Formerly free EtBr is bound to the 
additional dsDNA* resulting in an increase m fluores- 
cence- There is also some decrease in the amount of 
ssDNA primer, but because tbe binding of EtBr to ssDNA 
is much less than to dsDNA, the efTect of tins change on 
the total fluorescence of the sample is small. The fluores- 
cence increase can be measured by directing excitation 
illumination through the walls of the amplification vessel 
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betbrc and after, or even continuously during, thermoey- 
ding. 

RESULTS 

PGR in the presence of EtBr. In order to assets the 
affect of EtBr in FOR, amplifications of the human HLA 
DQa gene* 9 were performed with the dye present at 
concentrations from 0.06 to 8.0 itgfrnl (a typical concen- 
tration of EtBr used in staining of nucleic aads following 
get electrophoresis is 0.5 v*$fmfy As shown in Figure 2> gd 
electrophoresis revealed little or no difference in the yield 
or quality of the amplification product whether EtBr was 
absent or present at any of these concentrations, indicate 
ing that EtBr does not inhibit PGR. 

Detection of human Y-chromowrae specific 
nuances* Sequent -specific, fluorescence enhancement of 
EtBr as a result of PGR was demonstrated in a scries of 
amplifications containing 0.5 ug/ml EtBr and primers 
specmc to repeat DNA sequences found on die human 
Y^romosomc**- These PCRs initially contained either 
60 ng male, 60 ng female, 2 ng roak human or no DNA. 
Five replicate PCRs were begun for each DNA, After 0„ 
17, g], 24 and 29 cycles of thenuocyding, a FOR for cadi 
DNA was removed from the thermocyder, and its. fluo- 
rescence measured in a spectroftuorometer and plotted 
vs. amplificadon cyde number (Fig. 3 A). The shape of th» 
curve reflects the fact that by the time an increase in 
fluorescence can be detected, the increase in DNA is 
becoming linear and not exponential wkh cyde number: 
As shown, the fluorescence increased about three-fold 
over the background fluorescence for the PCRs contain- 
ing human male DNA, but did not significantly increase 
for negative control PCRs, which contained either no 
DNA or human female DNA. The more male DNA 
present to begin with— 60 n* versus 2 ng—the fewer 
cycles were needed to give a detectable increase in fluo- 
rescence. Gel dectrounWesis oo the products of these 
amplifications showed that DNA fragments of the ex- 
pected skc were made in the male DNA containing 
reactions and that little DN A synthesis took place in the 
control samples. 

in addition, the increase in fluorescence was visualized 
by simply laying the completed, unopened PCRs on a UV 
transUhiminator and photographing them through a red 
filter. This is shown in figure SB ibr the reactions thai 
began with 2 ng male DNA and those with no DNA* 

Detection of specific allele* of the human 0-globin 
gene. In order to demonstrate that this approach has 
adequate specificity to allow genetic screening, a dttceuon 
of the Sxcklc-cdl anemia mutation was performed Figure 
4 shows the fluorescence from completed amplication* 

containing EtBr (O.S i*g/mi) as detected by photography 

of the reaction cubes on a UV transulaminatox. These 
reactions were performed using primers specific for ci- 
ther the wad-tvpe or sickle-ceil mutation of the human 
p-globin gene* \ The specificity for each aBctc is imparted 
by placing the sickle-mutation site at the terminal 3' 
nucleotide of one primer. By using an appropriate primer 
annealing temperature* primer ex<£n$4Qn~~and thus anr- 
pli&catjon — can take place only if the 3' nucleotide of the 
primer is complc^ncntary to the p-globin allele present" « 
Each pair of amplifications shown in Figure 4 consists of 
a reaction with either tbe wild-type allele specific (left 
tube) or skkle-allele specific (right tube) primers. Three 
different DNAs were typed: DNA from a homozygous, 
wHd-typc p-giobin individual (AA); from a heterozygous 
sickle p^bin individual (AS); and from a homozygous 
sickle p-gWrfo individual (SS). Each DNA (50 ng geaoni* 
DNA to start each PGR) was analyzed m triplicate (3 pairs 
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tf f reactions each). The DNA .type vas reflected in the 
Lj^rive fluorescence intensities in each pair of completed 
flm p]t£cHtk>4i£. There was a significant increase in fluores- 
ce* only where a p-globin aDele DNA matched the 
primer set. When measured on a spcctroflooronietcr 
&^ta not shown), this fluorescence was about three times 
Jjrttt present in a PGR where both frpobm alleles were 
jnbitittchcd to the primer sec Gel electrophoresis (not 
jrtown) established that this increase in fluorescence was 
due (0 the synthesis of nearly a microgram of a DNA 
fragment of the expected size for fcglobin. There was 
Utdc synthesis of dsDNA in reactions in. which the allele- 
specific primer was mismatched to both alleles. 

Continuous monitoring of a PGR. Using a fiber optic 
device? k is possible to direct excitation illumination from 
? spectrofluorometer to a PCR undergoing thennocyding 
and to return its fluorescence to the Kpcaroftuoiwieter. 
The fluorescence readout of such an arrangement, di- 
rected at an EtBr-concaintng amplification of Y-chromc- 
some specirk sequences from 25 ng of human male DNA* 
is shown in Figure 5. The readout from a control r*CR 
trim no target DNA is also shown. Thirty cycles of PCR 
*erc monitored for each. 

The fluorescence trace as a function of time dearly 
shows the effect of the thermoevcheg. Fluorescence inten- 
sity rises and rails inversely with temperature. The fluo- 
rescence intensity is minimum at the denaturalion tem- 
perature (94°C) and roaxirnum at the anneaUn ^extension 
tcmpcrauirc (50°C). In the negative-control PGR, these 
fluorescence maxima and minima do not change Signifi- 
cantly over the thirty tbcrmocycles, indicating that there is 
little dsDNA synthesis without the appropriate target 
DNA, and there is little if any bleaching Of EtBr during 
the continuous illumination o* the sample. 

In the PCR containing male DNA, the fluorescence 
maxima at the annealing/extension temperature begin to 
increase at about 4000 seconds of thermocycUng, and 
continue to increase with time, indicating that dsDNA b 
being produced at a detectable level* Note that the fluo- 
rescence minima at the denaturaoou temperature do not 
significantly increase, presumably because at this temper- 
ature there is no dsDNA for EtBr to bind. Thus the course 
of the amplification is followed by tracking the ftuorcs-. 
cence increase at the annealing temperature. Analysis of 
the products of these two amplifications by gel electropho- 
resis showed a DNA fragment of die expected size lor the 
male DNA containing sample and no detectable DNA 
synthesis for the control sample. 

DISCUSSION 

Downstream processes such as hybridization to a se« 
^uence-Apecirlc probe can enhance die specificity of DN A 
decern by PGR. The cHmimtkm of ihcac processes 

means that' the specificity of this homogeneous assay 
depends solely on ihat of PGR. In the case of sickle-cell 
disease, we have shown that PGR alone has sufficient DNA 
sequence spedncky to permit genetic screening. Using 
appropriate amplification conditions, there is little non* 
specific production of dsDNA in the absence of the 
appropriate target allele. 

The specificity required to detect pathogens can be 
more or less than that required to do genetic screening, 
depending on the number of pathogens m the sample and 
the amount of other DNA that must be taken with die 
sample. A difficult target is HIV, which requires detection 
of a viral genome that can be at the level of a few copies 
per thousands of host cells*. Compared with genetic 
screening, which is performed on ceils containing at least 
one copy of the target sequence* HIV idetecdon requires 
both more specHraty and the input of mote total 
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mm* UVphotography of PCR tubes ecnrtainmaai 
using EtBr that are specific to wild-type (A) or sickle CS> alleles of 
the human B-gjbbm gene. The fcfi of ead> p^of tubesomtasas 
aQeta-spcdfie primers to the wild-type alleles, the righf tube 
primers to the sicWe atkte- The ph^ograph was tafcen alter 30 
cycles of PGR, and die input DNAs and the alkies thev contain 
are indicated Fifty tag of DNA was used to bepn PGR. Typing 
was done hi triplicate (3 pairs ofFCfcs) for each input DNA: 
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nCOUES Continuous, rcaWme mor*ftarmg of a PCR, A fiber optk 
was wed to ea w exdtatiott light fin a fUR m progress and also 
emHW light back to a Buorometcr (see Experimental P*otoori), 
Amplification usiog human malo-DNA mceffic primers in a PCR 
starting with t0 ng of human male DNA (top), or in x control 
PCR without DNA (ooifcrtfti), were monitored Thirty cydes of 
PCR were fdftowed for each. The temperature Cycled between 
94*c {denaturadotn) and 50X (anucaliug and extension). Note in 
die male DNA PCR, the cycle (hme) dependent fefieasc in 
fluorescence at the aoneaBng/extenaiou temperature. 



BOTTECHNCXOGY VaiO AP&L1992 



PAGE 4ffi * RCVD AT 7/1 9/2004 3: 10:03 PHI {Paciflc Daylight Time] * SVR:SVCS01/0 * DN1S:6638 * CS1D:S50 952 988 1 * DURATION (mm-ss):0446 



JUL- 19-2004 13:52 FROM: 



GENENI^^ 



LEGAL 650 952 9881 



DN A — up to microgram amount*— -in order to have suf- 
ficient numbers of target sequence. This large amount of 
starting DNA h* an amplification sigJiifrxmUy increases 
the bac^rround fluorescence over which any additional 
fluorescence produced by PCR mu$t be detected. An 
additional compftcatkm that occurs with targets in low 
copy-number is the formation of the < ^jrimer-dimer" 
artifact. This is the result of the extension of one primer 
unrig the other primer as a template. Although this occurs 
infrequently, once it occurs the extension product is a 
substrate for PCR amplification, and can compete with 
true PGR targets if those targets are rare *f ne primer* 
dimer product is of course d$DNA and thus is a potential 
source of false signal in this homogeneous a*$ay. 

To increase PGR spedficky and reduce the effect of 
primer-dimcT arn^Uncation, we are investigating a num- 
ber of approaches, including the use of nested-primer 
amplifications titat take place in a single tube 8 , and the 
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"hot-start**, in which noiispecuic amplification is reduced 
by raising the temperature of the reaction before DNA 
synthesis begins 25 . Preliminary results using these ap- 
proaches suggest tbat^runcr^iraeT is effectively reduced 
and it is possible to detect the increase in Etfir fluores- 
cence in a PGR instigated by a single HIV genome in a 
background of 10* Ceils. With larger numbers of ccHs, the 
background fluorescence contributed by genomic DNA 
becomes problematic To reduce th5s background, it may 
be possible to use sequence-specific DNA-binding dyes 
that can be made to preferentially bind PGR product over 
genomic DNA by incorporating the dye-binding DNA 
sequence into the PGR product through a 5' "add-on" to 
the olirontideoooe priracr*\ 

We nave shown that the detection of fluorescence 
generated by an EtBr-contaming PGR is straightforward, 
both once PGR is completed aod continuously during 
theimocycfing. The ease with which automation of spe- 
cific DNA detection can be accomplished is the most 
promising aspect of this assay. The Huorescence analysis 
of completed PCRs is alreadypossiblc with existing instru- 
mentation m 96-weJl forrnar . In this format* the fluores- 
cence in each PGR can be quantitated before* after, and 
even at selected points during therrQocyciin.g by moving 
the rack of PCRs to a 9£mietowc11 plate fluorescence 
reader* 0 . 

The instrumentation necessary to continuously tnonhor 
multiple PCRs simultaneously is also simple in principle. 
A direct extension of the apparatus used here is to have 
multiple fiberoptic* transmit the excitation light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target DNA copy mimbcr. Figure » shows that 
the larger the amount of starting target DNA, the sooner 
during PGR a fluorescence incrca^ws is detected. Prcftnii- 
nary experiments {Higuchi and Bollinger, manuscript in 
preparation) with continuous rnorikoring have shown a 
Sensitivity to two-fold differences in initial target DNA 
concentration. 

Conversely, if the number of target molecules b 
known— a$ it can be in generic screemng-TContinuous 
monitoring may provide a means of detecting false posi- 
tive and false ncgatrve result*. With a known number of 
target molecules, a true positive would exhibit detectable 
fluorescence by a predictable number of cycles of PGR. 
Increases in fluorescence detected before or alter that 
cycle would indicate potential artifacts* False negative 
results due to, for example, inhibition of DNA polymer- 
ase, may be detected by including within each PGR an 
inefficiently amplifying marker. This marker results in a 
fmotescence increase only after a large number of cy- 
cles — many more than arc necessary to detect a true 
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positive. If a sample fails to haw a fluorescence increase 
after this many cycles, inhBjitton may be suspected. Since, 
tn this assay, conclusions are drawn based on the presence 
or absence of fluorescence signal alone, such controls may 
be important. In any event before any test based on this 
principle is ready for die dink, an assessment of its false 
positivetfabe negative rates wfll need to be obtained using 
a large number of known samples- 

In summary, the inclusion in PGR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect specific DNA amplification from outside 
the PGR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCR 
in applications that demand tht high throughput of 
samples* 



NTTAL PROTOCOL 
Human HLA-D&i gene tttpttfeaaons cfmtauusg Et&V. 
PCRs were set up ittlOO i*l volumes containing 1 0 mM Tris-UCI, 
pH 8.S; 50 mM KG; 4 mM MgC^: ^3 unit* of Toe DNA 
polymerase (PerVm»Eh**cr Cctua, Norwalk. CT); 20 praolc cacti 
of human HtA-DQa gene specific oligonucleotide primers 
(JH26 and CH27 19 aod apprwonraiely 10* copies of DQ& PGR 
product diluted from a previous reacoon. EUiidium bromide 
f&Br; Stgma) was used at die concentratlonE indicated in Figure 
2. Thcrmocyding proceeded for 20 cvdes in a modd 46© 
thcrmocydcr (PerfctvEJmcr Ccow, Norwalk, CT) using a ~stcp- 
cycJc" program of 94*C for 2 mkL-denaturauon and 60V, for 30 
sec auncateng and 72*C for 30 sec. exienStOfi. 

Y-chcwnoromc specific PCR. PCRs (100 ul total reaction 
volume) containing VJ& pgfarf JBtBr were prepared as described 
for HLA-DQci, except with different primers and target DNAs. 
These PCRs contained 1 5 proofe cadi male DNA^pccifjC primer* 
YI.l and Yl.**\ arid cither 60 ng male, 60 Ofi female, 2 ng male, 
or no human UNA. Thermocydmg was W^CTor 1 min. and 60^C 
for 1 mm using a "step-Cycle* program- The mrmber of eyefcs for 
a sample were as indicated in figure 3. Fluorescence measure- 
ment is described below. 

Allck-apccuifv unman pca« PGR* AmpUncauons of 

100 p4 volume using 0 5 ugAnl of JUBr were prepared 
described far HLA^DQa above except with different primers and 
target DNAs. These PCRs cOtrtained e^uW. primer pair HGUV 
H014A <wfld-type gobm specuic primers) or HOPSWlpi4S (sk*- 
le-dobin specific primers) at 10 pmole each primer per fCR. 
Tfceseprimcrs were developed by Wu ct aL 21 . Three dnTerenl 
tatget DNA* were used in separate amplificatuOnsr--50 ng each of 
human DNA that was homozygous for the *ic*ie trait <SS). DMA 
that was heterozygous for the sickle Irak (AS), or DNA that was 
homozygous for the W.l. riobm (AA). Thcrnmcycnng was Far SO 
cycles at 94X5 for 1 mm. and 55*C for 1 nun. uSUtg 9 "atepcyck'" 



cycles w *w. » v,,,^ _ ,,- - — : .. „ . , 

program. An anneaHog temperature of 55*C bad been shown try 
Wo et ai 21 to provide aUclc-spcCinc awpntotion. Completed 
PCRs were phertographed tnrough a red fttecr (Wratien z3A) 
after placing the reaction Uabe* atop a model TM<36 tranfltnunU- 
nator <UV-pToducts San GobriEi, CA). 

inflorescence measimanem. nuomoence rncasurcraen w were 
made on PCRs containing Et»r in a Bliiorolog-2 U^oromCtcr 
fSPEX Edison. NJ). Excitation was at the 500 nm band with 
about 2 nm bandwidth with a CG 435 nm cut-off fijter jMcWes 
Crist Inc., Irvine. CA) to exclude second-order light Erorued 
light was detected at 570 am with a bandwidth of about 7 nm* An 
OG 550 nm cut-off filter was used to remove the excitanon Eght 
ContitHMUft fhM>rescence xnouitoring of PCR, Conf^uous 
monitormg of a PCR in progress was accomplished using tnc 



sp^ofiuorometcr and setunga described above as well as 
noeroptic arxessory (SPEX cat no. 1950) to both send excrtauon 
fight to, and receive emitted ught from, a PCR pferxd in a wdl of 
a model 480 ijneruwyclcr (Pcriin-Elmer Cetus). The probe e^d 
of the fiberoptic cable was attached wkli "5 rnjoutc^cpoxy* to Uw 
open top of a PCR tube (a 0.5 ml potoropyJene centrifuge tube 
with il$ cap removed) effeaiYcly scaling k- The cxpOJedTtop <n 
the PCR tuoe and the end of the uberopuc cable were slijeWcd 
from room light and the room lights were kept dimmed dutmg 
each run. The rnoniiorcd PCR was an ampwcliiOn of V*?™" 
rnosome^pcdhc repeat secjveuces aa described above, except 
usm^.an anncaHugtoension temperature of 50°C The reacrjoo 
was covered with mineral oil (2 drops) to prevent evaporation- 
ThenrjcKycfimj and fluo m c en cc measurement wrc started si- 
multaneously, A uroebasc Start wi(6 a 10 second HitegrancnJi tone 
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km uttd and ihc «mbttOtt Signal was ratiocd to tbr excitation 
^grt.tJ to control foe Changes in iiffht-jcnircc intensity. D^u were 
Collected using the dm3O0Of, version 5,5 (SFEX) data system. 
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IMMUNO BIOLOGICAL LABORATORIES 



sCD-14 EUSA 

Trauma, Shock and Sepsis 




The CD- 14 molecule is* expressed on the surface of 
monocytes and some macrophages. Membrane- 
bound CD-14 is a receptor for lipopotysaccharkie 
{LPS) complexed to LPS-Binding-Protein (IBP). The 
concentration of Its soluble form is aftered under 
certain pathological conditions. There is evidence for 
an Important role of sCO-14.with polytrauma, sepsis, 
burnings and inflammations. 
During septic conditions and acute infections ft seems 
to be a prognostic man\er and fe therefore of value in 
monitoring these patients. 



1BL offers an EUSA for quantitative determination of 

soluble CD-14 in human serum, -plasma, cell-cuifcjre 

supematants and other biological fluids. 

Assay features: 12x8 determinafions 
(microliter strips), 
precoated with a specific 
monoclonai antibody, 
2x1 hour incubation, 
standard range: 3 - 96 ng/ml 
detection limit 1 ng/ml 
C V: intra- and interassay < 8% 



For more information call or fax 



GSSELLSCHAFT FOR IMMUNCHEMIE UNO -BIOLOGIE MBH 

OSTERSTRASSE 86 - D- 2000 HAMBURG 20 • GERMANY- TEL. +40/491 00 61-64 ■ FAX + 40 /4011 98 
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Oligonucleotides with Fluorescent Dyes at 
Opposite Ends Provide a Quenched Probe 
System Useful for Detecting PCR Product 
and Nucleic Acid Hybridization 

Kenneth J, Llvak, Susan J.A. Flood, Jeffrey Marrrwo, William Gtusti, and Karin Deetz 
Pcrkin-Elmcr, Applied Htosystcms Division, foster City, California 944C4 
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The 5' "fiUCtoftM PCR *t*«y cUtactz the 
accumulation of specific PCR product! 
by hybridization and deavnge of a 
double-labeled fluorooenlc probe 
during the amplification reaction. 
The probe Is on oligonucleotide with 
both a reporter fluorescein dyo ami a 
quencher dye attached. An Increase 
In reporter fluorescence Intensity In- 
dicates that the probe has hybridized 
to the target PCR product and has 
been cleaved by the 5' -*3' nucle- 
olytlc activity of Too DN A pa lym erase. 
In UtU study, probes with the 
quencher dy«r attached to an Internal 
nucleotide were compared with 
probe* with the quencher dya at- 
tached to the 3'-end nucleotide, In all 
cases, the reporter dye was attached 
to the 5' end. All Intact probes 
showed quenching of the reporter 
fluorescence. In general, probes with 
the quencher dye attached to the 3 - 
end nucleotide exhibited a larger sig- 
nal in the 5* nuclease PCR assay than 
the Internally labeled probes; It Is 
proposed that the larger signal Is 
caused by Increased likelihood »f 
cleavage by Taq DNA polymerase 
when the probe Is hybridized to a 
template strand during PCR. Probes 
with the quencher dye attached to 
the 3 '-and nucleotide also exhibited 
an Increase In reporter fluoraacenca 
Intensity when hybridised to a com- 
plementary strand. Tlius, oligonucle- 
otides with reporter and quencher 
dyes attached at opposite ends can 
be used as homogeneous hybrldlza- 

210(21 



homog^K'Ouj: assay far detecting 
Hie mvurnutatlou of specific 1*CR prod- 
uct that uses a double-labeled fluoro- 
genie probe was described by Lee ct ah 0> 
The assay exploit?; the 5' - > 3' nude- 
olytlc activity of Taq UNA poly^ 
meiaae* 7,111 mid fr diagramed in Figure I. 
The fluorogcrtic probe, consist? of an oli- 
gonucleotide with v reporter fluorescent 
dye, sut.li as a fluorescein, attached to 
the 5 1 end; aud a quench cr dye, such as a 
rhodaminc. attached internally, When 
the fluorescein Is excited by Irradiation, 
Its fluorescent emission will be 
quenched if the ihudainiuc is close 
enough to be excited through the pro- 
cess of fluorescence energy transler 
(itT)." 5 > During PCR, If the probe is hy- 
bridJzcd to a template stiand, Taq DNA 
polymerase will cleave the probe be- 
cause of its inherent # V «* 3' nucleolytic 
activity. If the cleavage occurs between 
the fluorescein and rhodaminc dyes, it 
causes an increase in fluorescein fluores- 
cence intensity because the fluorescein 
is wo longer quenched. The Increase in 
fluorescein fluorescence Intensity indi- 
cates 1 1 iut the probe-specific I*CR product 
has bix'ri generated. Thus, FET between a 
ie|Kjilci dye and a quencher dye Is criti- 
cal to the performance of the piube In 
the 5' nuclease POU assay. 

Quenching Is completely dependent 
on the physical proximity of the two 
dyes. w Because of thb, ll has In-un as- 
sumed that the quencher dye mu»l be 
attached neai Uie 5* end. Surprisingly, 
we have found that attaching a rho- 
daiuine dye al die 3' end of a piolic 



PCR assay, l»urlhefmorc, cleavage of this 
type of probe is not required to acnievc 
some rcauctJon In quenching* Oligonu- 
cleotides with a reporter dye on the V 
end and a quencher dye on the 3' end 
exhibit a much higher reporter fluores- 
cence when doiioic-stranoed as com- 
pared with single-stranded. This .should 
make it passible to use this type of dou- 
ble-labeled probe for homogeneous de- 
tection of nucleic acid hybridization. 



MATERIALS AND METHODS 
Oligonucleotides 

Table 1 shows the nucleotide sequence 
of the Oligonucleotides used In this 
study. Linker arm nucleotide (LAN) 
phosphoramidhc was obtained from 
Glen Research. The standard DNA phos- 
phoramiditcs, 6-carhoxyfluorcscein (6- 
FAM) phosphoranildite, fi-carboxytet* 
rarncthylrhodaniJnc sucunlmldy) ester 
(TAMRA NHS ester), and Pbosphalink 
for attaching a 3' -blocking phosphate, 
were obtained horn Per kin-Elmer, Ap- 
plied Blosystems Division. Oligonucle- 
otide synthesis was performed using an 
AB1 model 394 DNA synthesiser (Applied 
Diosystems). Primer and complement 
oligonucleotides were purified using 
Ollgu rurifiuation Cartridges (Applied 
Blosysicms). Di/ublc-lalKtlttd pnibes were 
synthesized with o-PAW»labeled phos-. 
phiMuwiidJUt ai the 5* «rid, IAN replacing 
one of tlieTs in the sequence, and rhos- 
phalink at the 3' end. Following de- 
pi otttut Ion. and ethartol precipitation^ 
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ncuRt 1 Diagram of 5' nuclease assay. Stepwise representation of me 5' 3' nucleotytk ac- 
tivity of Taq UNA polymerase acting on a ftuorugenic probe during one extension phase of !'<:K, 



mM Na-bicarbonatc buffer (pH 9.0) at 
room temperature. Unreached dye was 

KinoveU by pnaxi^e ovci a I'D* 10 Scplltt* 

dex column. Finally, the double-labeled 
probe, was purified by preparative high- 
performance liquid chromatography 
(IJPUJ) using an Aquaporc C H 220x4.6- 
mm column with 7-pjn particle sisc. The 
column wm developed with a 24»mhi 
linear gradient of 9-20% ucetonltrllc in 
0.) m TEAA (tricthylamlnc acetate). 
Probes are named try design atlng the se- 
quence /com Tabic 1 and the position of 
the IAN-TAMRA moiety. For example, 
probe A3 -7 has sequence Al with f AN- 
TAMR/\ at nucleotide position 7 from the 
.V end. 



PCR Sjralcrm 

All l*CR amplifications were performed 
in the Perkin- Elmer CcneAmp PGR Sys- 
tem 9600 using 50-mJ reactions that con- 
tained 10 mM Tris-HCl (pU b.'S), SO ihm 
KCI, 200 jiM OVUT, 200 u*i dCIV, 200 aw 
dGTP, 400 |im dUTP, 0.5 unit of AinpEr- 
ase uracil N-gtycosylase (Peddn>Elmer), 



gene (nucleotides 2141-2435 in the »e» 
oucnee of Naka|lina-Iljlma ct al.) m was 
amplified using piiuten AI'P and AitP 

(Table 1), which are modified slightly 
from those of du Brcuil el ah W) Actln am- 
plifkoiion reactions contained 4 niM 
20 ng of human genomic PNA, 
SO nM Al or A3 probe, and 300 nM each 



TABLE 1 Sequences of Oligonucleotide* 



primer. The thermal xeglmen was 5G°C 
(2 mln), 9S«C (10 mln), 40 cycles of 9SFC 
(20 »ec), 60*C (1 mln), and hold a( 72«C. 
A 315-bp segment was amplified from a 
pi as mid that consists oi a segment ol X 
UNA (nucleotide* 32.2^32,747) in- 
serted in the Sntal situ of vector pUCl 19. 
These reactions cotitalMi?d 3J» imm 
MgCl 2< 1 ng of plusmid DNA, 50 nM P2 or 
PS |uobc, 200 nwi primer PI ID, and 200 
um pjiinei R119. The thermal regimen 
was WC C2 mln), «5X (10 mln), 2S cy- 
cles Of 9$"C (20 sec), 5rc (1 mln), ond 
holdat72 0 C. 



Fluorescence Detection 

Kor each amplification reaction, a 40-uJ 
Aliquot of a sample was transferred to an 
Individual well of a white, OfLwoll micro* 
titer plate (PerJdn-liimer). Fluorescence 
was measured on the Pcrfcln-Elmcr Tuq- 
Man LS-SOU System, which consists of a 
luminescence spectrometer with plate 
reader assembly, a 485-nm excitation ill* 
ter, and a MS-nm emission filter. Fjccita* 
tion was at 4%H nm using a a-nm slit 
width. Emission was measured at S18 

nm for 6-FAM (the reporter or R value) 
and £82. nm for TAMUA (the quencher or 
Q value) using a 10-nm silt width. To 
determine the incicasc in lepuiles emis- 
sion that la caused try dvavage of the 
probe during MUt, three normalisations 
aie applied to die raw emission data. 
First, emission intensity of a buffet Hank 
is subtracted for each wavelength. Sec- 
ond, emission Intensity of the reporter Is 



Name 


'iype 


Sequence*. 


Pi 19 


primer 


ACCt^CAGCiAACTCATCAcJCACTC 


KU9 


prlmvT 


AixjTcucxrrrccxK3Cir.A<xnTcri c;c 


pa 


probe 


i <xx^'rj>\ciaAitx M nx:ccAAccACTp 


P2C 


_ complement 


ClACrCGTrCCCAACXSATCAOTAATCCCAl^G 


PS 


probe 


CUQA'i'n GCTXjC7rA"lX:rATCACAACCATp 


rsc 


complement 


TI'C^TCCTTGTGATAC^I'ACC^OCAAA'iCCC 


AH* 


primer 


TCACCCACACntnX3CCX^TCTAC0A 


ARP 


primer 


CV\CiCXlUA AC X XSCTC'ArTCKX'AATOU 


Al 


probe 


ATGCCCIXXXXX^WC^jCClXi^ 


MC. 


complement 


A(^<x:tvkta;Aix:<:t^'ix;iitxx:At:t;(KUTAC 


A3 


piobc 


CGCCCTOGACrrCCAOCAAOAOAli» 


A3^ 


cvnipleuicul 


Cf^TCrcnTGCTCQAAGTCC^OfiCGAC 



for each oUKonurtcoridc used In Uiia study, the nucleic add sequence Is givcit, written in the 
V » 3' direcUoii. Theie are three typca of uligonudeoudes: rCR primer, fluorogenJc probe used 
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A1~7 3RATGCCC^CXXXCV\7X^'A>X^^^.X-i t* 



Prob* 


618 nro 


682 nm 


no* 


RQ* 


AM 






4 t*#nr>. 


no Ump, 


« Ump. 








A1-5 


2* 5 4 2.1 


32-5 A 1.0 


A 0.0 


392 ^ 2 0 


0^7 * 0.01 


o.eo j cos 




ai*7 


03.0 d 4.3 


398.1*21,4 


108.** 64 


1 103 5.3 


040*0.03 


3.56*0.17 


3joo*o,«e 


AM 4 


127.0* 


403.3* td.1 


100,7 ±8.3 


o3.i i e.o 


1.16 10. 03 


AM ±0.1S 


3. 18 J 0.«S 


A1-19 


187.5* \y.9 


W.7rf 7.7 


70.3:1 7.4 


73.0 2 9,0 


3.67 3 O.OS 


6.00A0.1C 


9,13 3 0,16 


A 1-22 


224. G i HA 


48C.&2 43.6 


ioao±4.o 


1 0.6 


£.26 s. 0.03 


5.02 ±0.11 


C77 10.12 


A1-28 


1 602 J 0.9 


4iH.l 1 1*4 


ya.i 


WJ t 3.K 




b.01 ±U.tftt 





fJCURE 2 R«ulis of 5* uuclew n***/ • •""pariiuj p-wllrt probe* with TAMRA at different micle 
otlde pojitiom. As described In Materials and Methods. w*H amplifications containing the in- 
dicated probes were performed, and the fluorescence emission was measured at 513 and 582 nm. 
deported valuta arc the average* 1 jlo» for six reactions ntn without added template (no temp.) 
and six reactions run wtth template ( t tcjnpO. The RQ fatio was calculated (or each individual 
reaction and averaged to give the reporteofRQ" and MQ 1 values. 



aiviUed by the emission intensity of (lie 
quencher to give an ratio fur cadi 
reaction tube Tills normalizes for wcll- 
to-well variations in probe concentra- 
tion and fluorescence measurement, fi- 
nally, arq is calculated by subtracting 
mc KO value of the no- template cxwtrol 
(RQ"") from the RQ value fur the com- 
plete reaction including template 

RESULTS 

A series of probes with increasing dis- 
tances Derween the fluorescein rcportci 
and rhodamtnc quencher were tested to 
investigate the minimum and maximum 
spacing that would give an acceptable 
performance in the S' nuclease PCR as- 
say. Tnese rjrubes hybridize to a target 



.sequence in the human p-acttn gene. 
M$uic 2 shows the results of an experi- 
ment in which these probes were In- 
cluded in I'CR thai amplified a segment 
of the p-avtlii g«n« containing the Uigct 
sequence- IVi f«i mance hi the 5' nu- 
clease PCR assay Is monitored In/ the 
magnitude of AkQ, which b'A measure 
of rhe Increase In reporter nuurcsvencr 
uuiacd by PCR amplification of the 
probe target, Probe Al-21i*>* ARQ value 
that is close to r.ero. Indicating thai the 
probe was not cleaved appreciably dur- 
ing the amplification reaction, This sug- 
ge&U that with the quencher dye on the 
second nucleotide from the 5' end, there 
is lusufflelent ruum fot Tutf polymerase 
to cleave cHlcJenUy between the reporter 
and ^uenchei, The other five probes ex- 
hibited comparable. AKQ values thai are 



clearly different from zero- Thus, all five 
probe* arr befog cleaved during PC:K am- 
pliflcatloii lesulljftg in a similar Increase 
111 teportcr fluoiexjcnee. It should be 
noted Ihnt complete digestion of a probe 
produces a much larger increase in re- 
porter fluorescence than thai observed 
In Figure 2 (data not shown). Titus, even 
In ruaetlorts where amplification occurs, 
the majority o/ probe molecules remain 
uiielcaved. it Is mainly for this reason 
that the fluorescence inicnslty of the 
quencher dye TAMJIA changes Utile with 
amplification of the targfU, This Is what 

allows us to use the 682-nm fluorescence, 
reading as a normalisation factor. 

The magnihirtV of RQ~ drpond^ 
mainly on the quenching efficiency in- 
. herenr in the specific structure ol the 
probe and the purity of the oligonucle- 
otide. Thus, the larger RQ" values Indi- 
cate that proDes AM4, AJ-19, Al-22, and 
Al-26 probably have reduced quenching 
as compared with A1-7. 31111, the degree 
of quenching is sufficient to detect u 
highly significant increase In reporter 
fluorescence when each of these. ^>rol>cjt 
ia cleaved during PCR. 

To further investigate the ability of 
TAMRA on the V end to quench u-PAM 
on the 5' end, three additional pairs of 
probes were tested in the 5' nuclease 
PGR assay. Fot each pair, one probe has 
TAMIIA attached to an intcmol nude- 
tillde and the olhei has TAMRA attached 
to the y end nucleotide. The results arc 
shown in Tabic 2. Yot all three sets, the 
probe with the 3' quencher cxhlhUs w 
ARQ value that is considerably highei 
Uiao foe Uie probe with the internal 
quencher. The RQ" values suggest I Hid 
differences in quenching arc not as great 
as those observed with some of the Al 
probes. These results demonstrate (hot o 
quencher dye on the 3' end of on oligo- 
nucleotide can quench efficiently the 
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TABLE 2 Results of S' Nuclease Assay Comparing Probe* wlOi TAMRA Attached to ah Internal or 3' -terminal Nucleotide 

$82 nm 



S18 nut 



Probe 


no temp. 


+ temp- 


IH! leuip. 


+ temp. 


HQ 


RQ* 


aKQ 


A3«6 
A3-24 


54.6 i XI 
72.1 ^ 2.9 


84.8 x .1.7 
236.5 i. 1 t.l 


U6^i 6,4 
W-2 + 4,0 


n.vt 1 2.5 

90.2 -i- 3.8 


0.47 a 0.02 
0^6 a 0.02 


0.73 a. 0.0H 
2.62 ±0.05 


O.ZO i 0.04 
1.76 ± 0,05 


T2-7 
1*2-27 


82.8 2. 4.4 
11X4 2:6.6 


3b4.0± 34.1 
5S5.4±14-1 


10a J 3C 6.4 
140.7 t 8,5 


120.4 =r 10.2 
118.7 2:4.8 


0.79 J. 0.02 
OBI ± 0.01 


3.19 * ai6 
4 .68 i 0 10 


2.40 * 0,10 
3.88 t 0.10 




77.S ± 
64.0 ± S^ 


244.4 * lid 
333.6 ± 12.1 


86.7 i 4.3 
100.6 * 6.) 


•* 6.7 
94.7 2 6.3 


0.89 * 0X15 
0A3±0,02 


5LS5 0.06 
3.53 * 0.12 


1.66 ± 0.08 
2.89 1 0.13 



tTOlgj 



.^^.*_4_^ .w„ ,~4ir ^r„* rmts»* an rt rTifa-nUilrms wtirr oerformcd »i dejcrlbed In M«teriol ««d Methods And in the legend to 2, 
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fiuor«»xr<»ncc of a report e r dye on the S' 
end. The degree of quenching is suftV 
deal far iliin type of oligonucleotide to 
he used as a probe in the .V nuclease PCR 
assay. 

To test the hypothesis that quenching 
by a .V TAMRA depends on the flexibility 
of rjie oligonucleotide, fluorescence was 
mcasuiod fur probes in the Single- 
stranded and double stranded state*. Ta- 
ble 3 reports (he fluorescence observed 
at $18 and 582 nm. The relative degree 
of quenching Js assessed by calculating 
the RQ ratio. Ikir probes with TAMRA 
*-)0 nucleotides from the S' end, there 
Is little difference in the RQ values when 
comparing single-stranded with double- 
' stranded oligonucleotides. The results 
for probes with TAMRA 01 the 3' end are 
much different. For these probes, by* 
bridiiatlon to a complementary strand 
causes a dramatic increase in HQ. We 
propose that this loss of quenching Is 
caused by the rigid structure of double- 
Stranded UNA, which prevents the 5' 
and 3' ends from being in proximity. 

When TAMRA is placed toward the 3' 
end, there is a marked Mg 2 ' effect on 
quenching. Figure 3 shows a plot of ob- 
served RQ values for the Al series of 
probes as a function of Mg 2 * 4 concentra- 
tion. With TAMRA attached near the 5' 
end (probe A 1-2 Of A 1-7), the RQ value al 
0 niM Mg 2 " is only slightly higher than 
RQ at 10 mM Mg^ 1 . Por probes AM9, 
Al-22, and Al*26, the RQ values at 0 mM 
Mg* 4 are very high. Indicating a much 



reduced quenching efficiency. For each 
of these probes, there h a marked de- 
crease in Kt^ al 1 mM Mg J * followed by 
a gradual decline as the Mg* 1 ivuccti- 
trution increase* to 10 mM, Piubo Al-14 
shows an intermediate RQ value at 0 mM 
M$ 74 with a gradual decline at higher 
Mg 7 * 1 cOiKCiiUatlwus. In a low-sail en- 
vironment with no Mg J present, a sln- 
glc-slrandcd oligonucleotide would be 
expected to adopt an extended confor- 
mation because of electrostatic repul- 
sion. The binding of Mg a * ions acts to 
shield the negative charge of the phos- 
phate backbone so that the oligonucle- 
otide can adopt conformations where 
the 3' end is close to the 5* end. There- 
fore, the observed Mg 2 * effects support 
the notion that quenching ot a 5' re* 
porter dye by TAMRA at or near the 3' 
end depends on the flexibility of the oli- 
gonucleotide. 

DISCUSSION 

The striking finding of this study is that 
ii 5eems Ok rhodamfnc dye TAMKA, 
placed at any position in an oligonucle- 
otide, can quench the. fluorescent emis- 
sion of a fluorescein (6-FAM) placed at 
the $' end. This Implies that a single- 
stranded, double-labeled oligonucle- 
otide must be able to adopt conforma- 
tions where the TAMRA Is dose to the 5* 
end. It should lie noted that the decay of 
6-1'AM In the excited state requires a cer- 
tain amount of time. Therefore, what 



TABIC 3 Comparison of PJuoicaccikc RmWuu* of single-stranded and 
bouule-jrirandcd Fluorogenic Prober 



SI* nm 



58?. nm 



RQ 



f»rrtl^ 


•9 


d& 


«» 


ds 


ss 


ds 


A1-7 


27.75 


6A.53 


61.08 


13A.1H 


0.4S 


0.50 


Al-26 


43.31 


509.3* 


53.50 


93.86 


0.81 


5.43 


A3-6 


16.75 


62.88 


39.33 


165.57 


0.43 


0.38 


A.V24 


30.05 


578,64 


07.7?. 




0.45 


3.21 


PZ-7 


35.02 


70.13 


M.63 


121.09 


0,64 


0.58 


l'2-27 




320,47 


65.10 


61.13 


0,61 


S.25 


l'S-10 


27.34 


144.85 


61,*S 


165.54 


0.44 


0.87 


PS-2A 


3165 


4<S2.29 




104.61 


0.46 


4.43 



(ss) Slnglc-stranded, 'Hie fluorescence emissions at 538 or 582 nin for solutions containing a final 
concentration of 50 om indicated probe. 10 mM Tn>l la (pH 8,3). SO mM XO. and 10 mM MgC^ 
(ds) Double-Stranded. The solutions contained. In addition, 100 am A1C for probes Al«7 and 
A1-2G, 100 jui A3C for probes A3-6 and A3-24. 100 iim l'2<: (or prolx*s VZ-7 and 17-77, or 100 nM 
TSC for probt* M-10 find PS-2H. ttcfnrc trtc aodujon ot M^CI* J 30 *U Of eacti sample W*S Iteatcd 
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mattcm for quenching is not the average 
distance between 6-FAM and TAMRA 
but, rather, how close TAMRA can get lo 
6*FAM during die lifenme of the 6- HAM 
excited state. As long as the decay time of 
the excited stale is relatively long com- 
pared with the molecular motions of the 
oligonucleotide, quenching can occur. 
Thus, we propose that TAMRA at the 3* 
end, or any other position, can quench 
o-FAM at the V end because TAMRA Is in 
proximity to «»KAM often enough lo be 
able to accept energy transfer from an 
excited 6-FAM. 

Details of the fluorescence measure- 
ments remain puzzling. For example, Ta- 
ble 3 shows that hybridisation of probes 
A 1-26, A3-24, and to their comple- 
mentary strands nor only causes a large 
increase in 6-FAM fluorescence at Sit 
rim but also causes a modest Increase in 
TAMRA fluorescence at 582 nm. 11 
Tamra Is being excited by energy trans- 
fer from quenched 6-FAM, then loss of 
quenching attributable to hybridization 
should cause a decrease In the fluores- 
cence emission of TAMRA. The fan that 
the fhioiesccncc emission of TAMRA in- 
creases indicates that the situation is 
more complex. For example, we have an- 
ecdoial evidence thar the bases of The 
Oligonucleotide, especially ii, quench 
the fluorescence of both 6-FAM and 
TAMRA to some degree. When double* 
stranded, base-pairing may reduce the 
ability of the bases to quench. 1 tie pri- 
mary factor causing the quenching of 
6-FAM in an intact probe is the TAMRA 
dye Fvidence for the important* of 
TAMRA is that 6 KAM nuuiesumct) 
remains relatively unchanged when 
probes labeled ouly with 6-FAM are used 
In the 5' nuclease l'CR assay (data not 
shown). .Secondary effectors of fluores- 
cence, both before and afiei cleavage of 
the probe, need to be explored further. 

Regardless of the physical mecha- 
nism, the relative independence of posi- 
tion and quenching greatly simplifies 
the design of probes for the S' nuclease 
PCR assay. There are three main factors 
thai determine the performance of a 
doubk-labrled fluorescent probe Jn the 
6' nuclease PCR assay. The first factor Is 
the degree of quenclung olwerved In the 
intact probe. Tills b characterized by the 
value of RQ' , which is the ratio of re- 
porter to quencher fluorescent crnis 
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mM Mg 

FIGURE 3 itffeci e»f Ms"* concentration on RQ ratio for the Al aerie* of probes, The fluorescence 
emission Intensity at S18 and 582 nm was measured for solution* containing 50 om probe, 10 mM 
Trls-Hd (pH &3). 50 mM KCJ. and varying amounts (0-10 mw) of MgO* The calculated kQ 
ratios (518 nm Intensity divided hy SHZ nm intensify) an- plotted vs. MgO A concentration (mM 

Mj{). The key {upj/et r^/> aJiuwa ll»c fftut*«* VAUiuttiL.nl. 



dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence 
context effects, presence of structure or 
ulhei faciui* that induce flexibility of 
the oligonucleotide, and purity of the 
probe. The second factor is the. efficiency 
tif hyhiidUaUuu, Which depends on 
probe T uxf presence of secondary strue- 
turc In probe or template, annealing 
temperature, and other reaction condi- 
tions. The third factor Is the efficiency at 
which Taq DNA polymerase cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage Is depen- 
dent on sequence complementarity be- 
tween piobe and template as shown by 
Uie observation lhal mismatches in the 
segment between reporter and quencher 
dyes drastically reduce the cleavage of 
probe. tl) 

The rise in RQ values for the Al se- 
ries of probes seems to indicate that the 
degree of quenching is reduced some- 
what as the quencher is placed toward 
the 3' end Uie lowest apparent quench* 
ing Is observed for probe Al-19 (see Fig. 
3) rather than for the prone where the 
TAMRA Is at the 3' end (Ai-zo). This w 
•understandable/ as the conformation of 
the 3' end position would be expected to 
be less restricted than the conformarkm 
of an internal position. In effect, a 
quencher at the 3' end is freer to adopt 
conformations close to the 5' reporter 
dye than is an internally placed 



prol>es, the interpretation of RQ values 
is less clear-cut. The A3 probes show the 
some trend as Al, with the 3' TAMRA 
piobe having a larger RQ" than the in* 
ternal TAMRA probe. Tor the P2 pah, 
lx>th probe**- have about the same RQ" 
value. For the PS probes, the RQ for the 
3' probe is less than for the Internally 
labeled probe. Another factor that may 
explain some of the observed variation is 
thttt purity affects the RQ" value. Al- 
though all probes are HULC puilfied, a 
small o mount of contamination with 
unquenched reporter can have a large ef- 
fect on RQ . 

Although there may be a modest ef- 
fect on degree of quenching, the posi- 
tion of the quencher apjwf cutty uui 
have a large effect on the efficiency of 
probe cleavage. The most drastic effect is 
observed with probe Al-2, where place- 
ment of the TAMRA on the second nu- 
cieoilde reduces die efficiency of cleav- 
age to almost xcro. For the A3, 1'2, and PS 
probes, ARQ is much greater for the 3' 
TAMRA probes as compared with the in- 
ternal TAMRA prolTCX This is explained 
most easily by assuming Uial piobes 
with TAMRA at the 3' end are more likely 
to be cleaved between i«p6rlei and 
quencher than are probes with TAMRA 
attached internally. J^r the A1 probes, 
the cleavage efficiency of probe Al-7 
must already he quite high, as ARQ does 
not increase when the quencner is 
nW««l rioter to trw .V end. This illus- 



trates the importance nf being able to 
use probes with a quencher on tho V 
end in the 5' nuclease PCR assay. In this 
assay, an increase Jo the intonfdty of re- 
porter fluorescence is observed only 
when the probe is cleaved between Ihc 
reporter and quencher dyes. By placing 
the luporlur and quuuchui dyes on the 
opposite endfc of an oligonucleotide 
probe, any cleavage that occurs will be 
detected. When the quencher Is ut (ached 
to uu Internal nucleotide, uomethncs the 
probe works well (A 1-7) and other Ulrica 

not so well (A3-6). The relatively poor 
performance of probe A3 -6 presumably 
means the probe is being cleaved 3' to 
the quencher rather than between die 
rppnrier and quencher. Therefore, the 
best chance of having a probe that reli- 
ably detects accumulation of PGR prod- 
uct in the 5' nuclease t'CR assay Is to use 
a probe with the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the 3* 
end may also provide a slight bone lit In 
terms of hybridization efficiency. The 
presence of a quencher attached to an 
Internal nucleotide might l>e expected to 
disrupt base-pairing mid reduce the t m 
of a probe, in fact, a 2 A (V-3"(! reduction 
In T m has been observed for two probes 
Willi ilUeuially attached TAMKA.i/^ litis 
disruptive effect would be minimized by 
placing the quencher at the 3* end. Thus, 
probes with 3' quenchers might exhibit 
slightly higher hybridation efficiencies 
than piubes willi internal quenchei*. 

The combination of increased cleav. 
age and hybridisation efficiencies means 
that probes with 3 # quenchers probably 
will be more tolerant of mismatches be- 
tween probe and target as compared 
with internally labeled probes. Tins tol- 
erance of mismatches can be advanta- 
geous, as when trying to use. o single 
probe to detect PCK-amplificd products 
from saui|>1es of difftienl species. Also, tl 
mean's that cleavage of probe during PCR 
Is less seTisUivc- to alteroUoxni in an* 
neaiing tcmperarure <ir other reaction 
conditions. The one application where 
tolerance of mismatches may be a disad- 
vantage is for allelic discrimination. I.ec 
ct al/ 1 ' demonstrated that aHcle-speclfic 
probes were cleaved between reporter 
and quencher only when hybridised to a 
perfectly complementary target. This al- 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
AFS0B mutant, Their probes had TAMRA 
attached to the seventh nucleotide from 
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figure 3 Kifcct of Mg® * concMttrotKw on HQ ratio for the A3 «encs of probes. The trunrtttcuiic* 
emlisiun intensity at MB and 582 nm was measured for aulutluns containing SO nvt probe, 10 mM 
Tri*-lia.(pH 8.3), 50 him Kd, and varying amount* (0 10 mM) of MgCI»- The calculated RQ 
ratios (51 H nm Intensity divided by 5H2 nm intensity) arc plotted vs. MrO* conccnrrdtl<m <i«m 
Mff). The key (upper H^ht) &hOWS the probes examined. 



dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence 
context effects, presence oi structure or 
other factors that reduce flexibility of 
the oligonucleotide, and purity of the. 
probe. The second factor is inc efficiency 
of hybridization, which depends on 
probe 7* m , presence of secondary struc- 
ture in probe or template, annealing 
temperature, and other reaction condi- 
tions. The third ractor is the efficiency at 
which Taq i>NA polymerase cleaves ihc 
bound probe between Ibe reporter and 
quencher dyes. This cleavage is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
the observation that mismatches in the 
segment between reporter and quencher 
dye* drastically reduce the cleavage of 
prohe. U) 

'Ibe rise tn RQ values for the Al se- 
ries of probes seems to Indicate that the 
degree of quenching is reduced some- 
what as the quencher is placed toward 
the 3* end. The lowest apparent quench- 
ing is observed for probe A1-19 (see Fig. 
3) rather than for the probe where the 
TAMRA is at the 3' end (Al-26). This is 
undemandabic, as the conformation of 
the end position would be expected to 
be iess restricted than the conformation 
of an internal position. In effect, a 
quencher at the 3' end is freer to adopt 
conformations close io the 5* reporter 
dye than is an internally placed 
quencher. For the other three sets of 



probes, the interpretation of RQ' values 
is less clear-cut. The A3 probes show the 
same trend as Al, with the 3' TAMRA 
probe having a larger RQ" than the in- 
ternal TAMRA probe. For the P2 pair, 
both probes have about the same HQ 
value. For the K> probes, the RQ' for the 
3 # probe Is less than foi the mlcinally 
labeled probe. Another factor that may 
explain some of the observed variation Is 
that purliy affects the RQ~ value. Al- 
though all probes are HPLC purified, a 
small amount of contamination with 
unquenched reporter can have a large ef- 
fect on RQ . 

Although there may be ft modest ef- 
fect on degree of quenching, the posi- 
tion of the quencher apparently can 
have a large effect on the efficiency of 
probe cleavage. The most drastic effect is 
observed with probe Al-2, where place- 
ment of the TAMRA on the second nu* 
cleotlde reduces the efficiency of cleav- 
age to almost zero. For the A3, P2, and P5 
probes, ARQ is much greater for the 3' 
TAMRA probes as compared with the in- 
ternal TAMRA probes. This is exp^^ 
most easily by assuming that probes 
with TAMRA at Che 3' end are more likely 
to be cleaved between reporter and 
quencher than are probes with TAMRA 
attached internally. Pot the Al probes, 
the cleavage efficiency of probe Al-7 
must already be quite high, as ARQ does 
not Increase when the quencher is 
placed closer to the 3' end. This illus- 



trates the Importance of being able to 
use probes with a quencher on the 3* 
end in the V nuclease I'Ctt assay. In this 
assay, an Increase in the intensity of re 
porter fluorescence h obmrved only 
when The probe is cleaved between the 
reporter and quencher dyes. Ky placing 
the reporter and quencher dye* on the 
opposite ends of an oligonucleotide 
|Tful**% any cleavage that occurs will Un- 
detected. When rhe qu«nch*r u attached 
to an Uiletual nucleotide, frvuictlm«s the 
probe work* well (Ai-7) and other times 
not so well (A 3*6), The relatively poor 
performance of probe A3-6 presumably 
means the probe is belou/ cleaved 3' to 
the. quencher rather th<jn between the 
reporter and quencher. Theire.tore, the 
best chance of having a probe that reli- 
ably detects accumulation of PCR prod- 
uct in the 5* nuclease PCR assay is to use 
a probe with the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the *J* 
end may also provide a slight benefit in 
terms oi hybridization efficiency, 'ibe 
presence of a quencher attached to an 
internal nucleotide itti&hl be expected to 
disrupt base-pairing and reduce the T, n 
of a probe. In fact a 2'C~3*C reduction 
in T m has been observed for two probes 
with internally attached TAMRAs. <9) This 
disruptive effect would be minimised by 
placing the quencher at the 3' end. Thus, 
probes with 3' quenchers might exhibit 
slightly higher hybridization efficiencies 
than probes with internal quenchers. 

The combination of increased cleav- 
age and hybridization efficiencies means 
that probes with 3 # quenchers probably 
will be more tolerant of mismatches bc- 
rwt*n probe and target as compared 
with internally labeled probes. This tol« 
erancc of mismatches can be advanta- 
geous, as when trying to use a single 
probe to detect PCR-ampIihed products 
from samples of different species. Also, it 
means that cleavage of probe during PCR 
Is less sensitive to alterations in an- 
nealing temperature or other reaction 
conditions- The one application where 
tolerance of mismatches may be a disad- 
vantage is for allelic discrimination, l-ee 
et al, <Y) demonstrated that allcie-specihc 
probes were cleaved between reporter 
and quencher only when hybridised to a 
perfectly complementary target. This al* 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
AF508 mutant. Their probes had TAMRA 
attached to the seventh nucleotide fiom 
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Um V end and were Signed so thai any 
mismatches were between the reporter 
and quencher. Increasing the distance 
fcxitwaan reporter and quencher would 
lessen the disruptive effect of mis- 
matches and allow cleavage of I he probe 
oa the incorrect taryot. That, probes 
wilh a quencher attached to an internal 
nucleotide may still bo ucoful for allelic 
discrimination. 

In this study loss of quonchlng upon 
hybridisation was used to show that 
quonchlng by a 3' TAMRA in dependent 
oa the flexibility of a single^stranded oil- 
gonucieotlde, The Increase in reporter 
fluorescence intensity, though, could 
alto be used to determine whether hy- 
bridization has occurred or nor. Thus, 
otigonuclcoUdcs with reporter and 
quencher dyes attached at opposite ends 
should also be useful as hybridization 
probes. The ability to detect hybridiza- 
tion in real time means that these probes 
could be used to measure hybridization 
Kinetics. Also, this type of probe could be 
used to develop homogeneous hybrid- 
i rMion assays for diagnostics, or other ap- 
plications. Bagwell Ct aJ/ i0) describe just 
this type of homogeneous assay where 

hybridization of a probe causrs an in. 

crease in fluorescence caused by a loss of 
quenching. However, they utilized a 
complex probe design that requires add- 
ing nucleotides to both ends of the 
probe sequence to form two imperfect 
hairpins. Ihe results presented here 
demonstrate tliat the simple addition of 
a reporter dye to one end of an oligonu- 
cleotide and a quencher dye lo the oUici 
«»nd generates a fluorogonlc probe that 
can detect hybridization or PCK amplifi- 
cation. 
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Real Time Quantitative PCR 
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We have developed a novel "real ttaW quantitative PCR method. The method measure* PCR product 
accumulation through a dual-labeled fluotogente probe (Lc., TaqMan Prob«). This method provides very 
accurate and reproducible quantitation of gene copies. Unlike otter quantitative PCR methods, real-time PCR 
does nor require post-PCR sample handling, preventing potential PCR product carryover contamination and 
resulting in much faster and higher throughput assays. The real-time PCR method has a very large dynamic 
range of starting target molecule determination (at least five orders of magnitude). Real-time quantitative 
PCR b extremely accurate and less labor-intensive than current quantitative PCR methods. . 



Quantitative nucleic acid sequence analysis Mas 
had an important role in many fields of biologi- 
cal research. Measurement of gene expression 
(RNA) has been used extensively In monitoring 
biological responses lo various stimuli (Tan el ah 
1994; Huang ct al. I995a,b; Prud'howme et al. 
1995). Quantitative gene analysis (DNA) has 
lxx*n used to determine the genuine quantity of a 
particular gene, as in the case of the human HER2 
gene, which is amplified in -30% of breast tu- 
mors (Slarnon ct al. 1987). Ccnc and genome 
quantitation (DNA and RNA) also have been used 
for analysis of human immunodeficiency virus 
(IIJV) burden demonst rating changes in the lev- 
els of virus throughout the different phases of the 
disease (Connor et ah 1993; Platak ct al. J9v:*h; 
J-urrado et al. 1995). 

Many methods have been described for the 
quantitative analysis of nucleic acid sequences 
(both for RNA and DNA; Southern 19/6; Sharp ct 
al. 1980; Thomas 19«0). Recently, PCR has. 
proven to be a powerful tool for quantitative 
nucleic acid analysis. PCR and reverse transcrip- 
tase (KT)-PCR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little as one cell equivalent). This has made j>os- 
sibic many experiments that could not hove been 
performed with .traditional methods. Although 
PCR has provided a jx>wcrfu] tool, it is imperative 



that It be UieU properly ror quantitation (tt»«y- 
maskers 1995). Many early reports of quantita- 
tive PCR and RT-PCR described quantitation of 
the PCR product but did not measure the Initial 
target sequence quantity. II is essentia] to design 
proi>cr controls for the quantitation of the initial 
target sequences (Perrc 1992; dementi el al. 

Re^nrchers have developed several methods 
of quantitative PCR and KX-PCR. One approach 
measures PCR product quantity in the log phase 
of the reaction before the plateau (Kellogg et al. 
1990; Pang ct a). 1990). This method requires 
that each sample has equal input amounts of 
nucleic add and that each sample under analysis 
amplifies with identical efficiency up to the point 
of quantitative analysis. A gene sequence (con- 
tained in nil .samples at relatively constant quan- 
tity, such as p-aclln) can be usod for sample* 
uoij/liTication efficiency normalization. Usiny 
conventional methods of PCR detection and 
quantitation (gel electrophoresis or plate capture 
hybridization), it is extremely laborious to assure 
that all samples are analyzed during the log phase 
of the reaction (for lnilh the target gene and the 
normalization gene). Another method, quantita- 
tive competitive (QQ'PCR, has been developed 
and Is used widely for PCR quantitation. QC-PCR 
relics on the inclusion of an internal control 
competitor in each reaction (Beckcr-Andrc 1991; 
Hatak cl al. l*93*,b). The efficiency of each re- 
action Is normalized to the internal competitor, 
a wnown amount o( Internal competitor can be 
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added to each sample. To obtain relative rpiant- 
ration, the unknown target PCR product is cunt* 
pared witli the known competitor \K''M product. 
Success ufa quantitative competitive PGR assay 
relies on developing an tiucntal control that am- 
plifies with the same efficiency as the Uttgul mol- 
ecule. The design of the conipetlioi and the vali- 
dation of amplification efficiencies jequire a 
dedicated effort* However because QC-l'CR does 
not require that FCtt ptoducts be analysed during 
the log phase of the amplification, it is the easier 
of the two methods to use. 

Several detection system* wie used for quan 
Utative 1<:K and RT-PC!tt analysis; (1) ugurt*e 
gels, (2) fluorescent labeling of Kill products and 
detection with User- induced fluorescence using 
capillar)' clectropli<m:sM (ftiscu et ah 1995; Wil- 
liams ei al. 1996) or acrylamlde gels, and (3) plate 
capture and sandwich probe hybridist it m (Mul- 
der el al. 1994). Alt hough these methods jmivtrd 
successful, each method requires posl-PCR ma- 
nlpularlons that add nine to the analysis and 
may lead to hiboialo«y i nulrtinhiaiion. The 
sample throughput of these inelhods is limited 
(with Ihe exception of the plate capture ap- 
proach), and, therefore, these methods, ore not 
well suited fui u>w demanding high sample 
Throughput (i.e., screening of large numbers of 
hlticiuil«ft.ul<;s t*i analysing* Samples Cut diagnos- 
tic* or clinical trials). 

Here we report the development of a novel 
assay for quantitative DNA analysis. The assay is 
based on Die use -of the S' "nuclease assay first 
described by Holland et al. (1993). The method 
uses the -*>' nuclease activity of Taq poly in cruse t<i 
cleave a noncxtcndiblc hybridization prol>c dur- 
ing the extension phase of 1*CK- The Approach 
uses dual-labeled fluorogcnic hybridisation 
probes (Lec ct al. 1993; flossier ct al. 1995; Uvok 
et al. 1 y 95 a,b). One fluorescent dye serves as a 
reporter (FAM (i.e., <^carboxynuoresvcin)| and its 
emission jpcclra is quenched by the second fluo- 
rescent dye, TAMRA (I.e., o-c.arboxy-ieirarncthyl- 
rhodaminc). Tlic nuclease degradation of the hy- 
hrtdisoitioii probe releases the quenching of ||)u 
I'AM fluorescent emission, resulting in an In- 
crease hi peak fluorescent emission at 53b nm. 
The use Of a sequence detector (AD! Prism) allows 
measurement of fluorescent sjMXtru of all 96 wells 
of the tncrntai cycler continuously during the 
TCK amplification. Therefore, the reactions ojc 
monitored in real time. The output daia is de- 
scribed and quantitative unalysb of input target 
DNA sequences is discussed below. 



RESULTS 



PGR Product Derccrion in R«al Time 

The goal was to develop a high-throughput, sen- 
sitive, and accurate gene quant llatlon assay for 
use In monitoring lipid mediated thorapOUTic 
gene deli very. A plasmid «n coding human factor 
Vlll gene mqiMtncc, pl«'8TM (sec Methods), was 
used as a mod*! thcra]>cutic gtmc The assay us>« 
fluorescent Taqwan methodology and an instru- 
ment capable of measuring nttoroscence in real 
time (Alii Prism 7700 Sequence Dcteclnr). Ibe 
Taqman reaction requires a hybridization jirnhr 
lal>cled with two different fluorescent dyes. One 
dye Is a reporter dy« (VAtoi), the other is * quench- 
ing dye (TAMRA). When the prolm is Intact, fluo- 
icsccnt energy transfer occurs and the reporter 
dye fluorescent emission is absorbed by the 
quenching dye (TAMRA). During Die extension 
phase of the TCK cycle, the. .fluorescent hybrid- 
isation probe is cleaved by the S'-T nucieolytic 
activity of the DNA polymerase. On cleavage of 
the probe, the reporter dye emission is no longer 
transferred efficiently to the quenching dye, re 
suiting bi an increase of the reporter dy<i fluores- 
cent emission *p*Ctro. PGR primer* and probes 
were designed foi llie human factor VI 1 J se- 
quence and human p-actln gene (as described in 
Methods). Optimization reactions were per- 
formed to choose the appropriate probe und 
-magnesium concentrations yielding the higlu-st 
Intensity of rej^ortcr fluorescent signal without 
sacrificing specificity. The Instrument uses a 
charge-coupled device (Kc«, CCD camera) for 
measuring the fluorescent emission apeetni from 
500 t<» 6$0 nm. Kach IKlli tulx: was monitored 
sequentially for 2£ msec with continuous moni- 
toring throughout tlit: amplification. Udch lube 
wa« re-exandrtcd every B»5 sec. Computer soft- 
ware Was designed tti exainiiic the fhioresccnt In- 
tensity of both the reporter dye (KAM).and 
the quenching dye (TAMflA). 'h»c ItuoresccAt 
intensity of the quencJdng dye, TAM11A, changes 
very Utile over the course of the PCR amplifi- 
cation (data not shown), 'l*hcrefore, the Intensity 
of TAM11A dye omission servw hx »fi internal 
standard with which to -nortiiHlUus the reporter 
dye (FAM) emission vaxiatjous. Tl^e software cal- 
culates « value termed ARn (or ARQ> using the. 
following equation: ARn - (Rn J ) (R""). where 
Un 4 .emission in ten shy \>t reporter/emission in- 
tensity of quencher al any given time In n-rccic 
don lube, and Ru «- cniission Intensility of re- 
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poncr/fcmlsstoii huemily of qucn<:lwrr measured 
prior 10 I'CK amplUicaUou in ihat same reaction 
tube. 1'or the purpose of quantitation, Uk I«m 
three data points (ARns) collected during the. ex* 
tension step for each KtR cycle were analyzed. 
The nwcleolytic degradation of the. liyundi/*iion. 
probe occurs during the extension phase of I'tat, 
and, therefore, reporter fluorescent ciiiiaMoii in- 
creases during thlN time. Hie. Uuw data point* 
were averaged for each KA cycle and the mean 
value for each was plotted In an "amplification 
plot" shown In I'l^urc 1 A. The AKn mean value is 
plotted on the j>-axJs, and time, represented by 
cycle number, is plotted on tliv*-ax»s. During ttie 
early cycles uf Ihc PCR amplification, the ARn 



value remains at base lino When .sufficient hy- 
bridi/aiUm probe has been cleaved by Un? Tut) 
ix>lymcrasc nudea/M activity, Uw iuUuaiiy of re- 
porter flviorr-tccrti emission increase*. Most PCR 
aiiiplifivMjans reach u olailcau phaae-of reporter 
fJuowH-wi't emission if trie reauliun Is carried oui 
10 high cycle uuiiiIm;i%- The amplinVallon plol 1» 
examined varly in I h« reaction, at a point lhai 
icpicscnts ihc log phase of product arnxmula» 
turn. This is done by ussigning an arbiUary 
threshold ttui Us based on the variability of the 
base-line duu- fa Figure 1A, the Ihrrahold wis set 
at 10 standard deviations above the mean of 
haw? line enibrfiuu calculated from tyuUa 1 lo 1 S. 
Once the threshold Is chosen, the point at which 
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Rqure 1 PCR product detection in real time (A) Toe, Model 7700 ^ufiware will corwiruct amplfficaUoii .plots 
from the extension phase fluorescent emission data collected during the PCR ampMflcaUon. The standard de- 
viation is determined 1rom the data points collected from Ihe baseline of the WSS-ite'- 
calculated by determining the point at which the fluorescence exceeds a threshoW I mil < u j^ 
standard deviation of the base line). (8) Oveday of amplification plots of senal* 0 *) i diluted l^man genoanc 
DNA samples amplified with pectin primers. (Q Input DNA concentration of Ihe samples plotted *" 
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the amplification plot crossed the thrcshold'-ivcte 
fined as C P C r is reported us the cycle number ;n 
this point. Ar will be demons! rut «d* th« CI, .value 
Is pieUlujve of the quantity of input target. 

Cr Values Provide a Quantitative Measurements 
Input Targer Sequences 

Figure in shows amplification plots of l&<di¥fcv. 

ent TCR amplifications overlaid. The ftmpicfcu* 
Hons were performed on a 1:2 serial dilution -trf 
human genomic PNA. 'ilic amplified target 
human 3 actln. The amplification pi ohi shift to 
the right (to higher threshold cycles) a* the input 
target quantity i* reduced, 'J*bis is expected he 
cuwm nmctUim with fewer starting enpuui of the 
largci molecule require greater 'amplification to 
degrade enough probe to attain the Threshold 
fluorescence. An arbitrary threshold of 10 stan- 
dard deviation* above the base line was used to 
determine the G r values. Figure 1C represents the 
Cy values plotted versus the sample dilution 
value, Each dilution was amplified in trlpiicatc 
P<!R amplifications and plotted as mean values 
with error bars representing one standard devia- 
tion. The C T values decrease linearly wjth increas- 
ing target quantity, Thus, <; r valuta can be used 
as « quantitative measurement of the input target 
number. It should be noted that the amplifica- 
tion plot for the 15,6'iig sample shown In l'lgurc 
IB does not reflect the same fluorescent rate of 
increase exhibited by most of ihc other samples. 
'Hie 15.6-ng sample also achieves e.ndpoini pla- 
teau at a lower fluoresccm value than would he 
expected based on the input DNA. *17iis phenom- 
enon has been observed occasionally with other 
samples (data not shown) and may be attribut- 
able to lute cycle inhibition; this hypothesis is 
still under investigation. It is important to note 
that the flattened slope and early plateau do not 
impact $ign\nc^Dt)y the calculated value as 
demonstrated by the Hi on Ihe line shown in 
Figure. 1C. All triplicate amplifications resulted in 
very similar Cr values— the standard deviation 
did not exceed 0,5 for any dilution. This experi- 
ment contains a > 100,000-fold range of input tar- 
get molecules. Using C v values for quantitation 
permits a much larger assay range than direcUy 
using total fluorescent emission intensity for 
quantitation. The linear range. oi IJuorcsccnt in- 
tensity measurement of the ABC I'rlain 7700 Sc- 

annru 
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merit* over a very large r;mj»<» <if relative starting 
target quantities. 

Sample Preparation Validation 

Several parameters influence the efficiency nf 
PC:r amplification: magnesium and sail concen- 
tration*, r eviction conditions (i.e., tune and tem- 
perature), PCH target size and composition, 
primer sequences, and sample puriTy. AlJ of the 
above (actors are common to a single VCR assay, 
except sample to sample purity. In an effort to 
validate the method of sample preparation for 
theiactor VJil assay, J'CK amplification reproduc- 
ibility and oificJency ol JO replicate sample 
preparations were examined. After genomic DNA 
was prepared from the 10 replicate samples, the 
DNA wasquantliatcd by ultraviolet spectroscopy, 
Amplifications were performed analyzing p-aciin 
gene content in 100 ami 2$ ng of total genomic 
UNA. Lach 1'CK amplification was performed in 
• triplicate. Comparison of G r values for each trip, 
iicate sample show minimal variation based on 
standard deviation and coefficient of variance 
(Table 1). 'l*bercforc, each ol the triplicate PCU 
amplifications was highly reproducible, demon- 
strating that real time FCK using this instrumen- 
tation introduces minimal variation Into the 
quantitative J'CU analysis. Comparison of the 
mean C n values of the 10 replicate sample prepa- 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded similar 
results for ft-aclta gene quantity. The highest C? 
difference between any of the samples was 0,S5 
. and 0.71 for the 100 and 25 ng samples, respec- 
tively. Additionally, the. amplification of each 
sample exhibited an equivalent rate of fluoro 
cent emission intensity ciiange per amount of 
DNA target analyzed as indicated by similar 
slopes derived from Ihc sample dilui ions (Fig, 2). 
Any sample containing an excess of a VCli inhibi- 
tor would exhibit a greater measured 0-actJn C r 
value for a given quantity of UNA. In addition, 
the inhibitor would be diluted along with Ihe 
sample in the dilution analysis (Hg, Z), altering 
the expected C f value change. Each sample am- 
plification yielded a similar result in the analysis, 
demonstrating that this method of sample prepa- 
ration is highly reproducible wMh regard lo 
sample purity. 

Ouantitadve Analvsis of a Plasmid After 

7nc« no/ wj «c:&T 7(\(\7 /cn /7T 
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TobU 1 . Reproducibility of S«mpl« Preparation Method 



Sample 

no. 



1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Mean 



100 ng 



standard 
me-an deviation 



CV 



18*24 

18.23 

10.33 

18.33 

18.35 

18.44 

18.3 

18.3 

18.42 

18.15 

18.23 

18.32 

18.4 

18.38 

18.46 

18.54 

18.67 

19 

18.28 

18.36 

18.52 

18.45 

18.7 

18.73 

18.18 

18.34 

18.26 

18.42 

18,57 

1 8.66 

in io) 



13.27 
18.17 



18.55 
18.-12 



0.06 
0.06 



18.34 0.07 



18,23 0.08 



18.42 0.04 



18 74 0,24 



18.39 0.12 



18.63 0.16 



18.29 0.1 



0.12 
0.17 



0,32 
03? 
0.36 

0.46 

0.23 

1.26 

0.66 

0.83 

0,5* 

0.6S 
0,90 



20.48 

20.55 

20.5 

20.61 

20.59 

70.41 

20.54 

20.6 

20.49 

20.48 

20.44 

20.38 

20.68 

20.87 

20.63 

21.09 

21.04 

21 .04 

20.67 

20,73 

20.65 

20.98 

20.84 

20.75 

20.46 

20.54 

20.48 

20.79 

20.78 

20.62 



25 ng 



standard 
mean deviation 



20.51 
70.54 



20.68 

20.86 

20.51 

20.73 
20.66 



0.03 
0,11 



20.54 0.06 



20.43 0.05 



20.73 0.1 3 



21.06 0.03 



0.04 

0.12 

0,07 

0.1 
0.19 



cv 

0,17 

0.54 

0,26 

0.26 

0.61 

0.15 

0.2 

0.57 

0.32 

0.16 
0,94 



(or containing a partial cDNA for human factor 
vni, pRjTM- a aerie* of transections was sot 
up using a decreasing amount of the plasinid\40, 
4, 0.5, and 0.1 u,g). Twttiiiy-rour hours posl- 
transfection, total DNA w<i» purified frtmi each 
flask of crib. p-Aclhi gear ijuantlly wai chosen as 
a value for normalisation of ^uumic. DNA con- 
centration from each sample. liiUitecxpei intent* 
ji-acan gene content should remain constant 
relative to rocal genomic DNA. Figure 3 shows the 
result of the p-actln DNA measurement (100 ng 
total DNA determined by ultraviolet spectros- 
copy) Ot each sample. Kach sample was analyzed 
in triplicate and the mean p-actin Cr values of 
the triplicates were plotted (error bars reprcsem 
e+^-i«i««*ri <i«>wtaiioni 1 h#» hl<Mwsr «i if former 



between any iwo sample moans was 0.«>5 C,. Ten 
nanograms of total UNA of each sample were also 
examined for fl-actin. lite results again si lowed 
that very similar Amounts of genomic 1>NA were 
present; the maximum mean p actio O, value 
difference 1 .0. A3 Figure 3 shows, the rate of 
(i-actin G r diaugc Ixrlwccn the 100 and 10-ng 
sample* was similar (slope values rang« batween 
3.56 and - 3,45). This verifies again thai -this 
method of sample preparation yields samples of 
identical PCR integrity (i.e., no sample contained 
an excessive auiuuul of a PCR inhibitor). How- 
ever, these results indicate that each sample eon 
talncd slight liiffciences in the actual amount of 
genomic 1>NA analysed. Determination of actual 
tieuumic »>NA concentration was accomplished 
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Figure 2 Soi itple preparauon purity. 1 he repficatc 
camples shown In Tabl<? 1 wore also amplified in 
tripicate Rising 2S ng of each DNA sample. The fig- 
m* shows die input DNA concentration (100 and 
2S ng) vs. C, in ih#* tiniirp. trw» loo and ng 
points for each sample are connected by a line. 



hy plot Ling the mean £-actin C, value obtained 
for each 1O0--ug saxuplv uti a £-actln standard 
curve (showti Ik Wfl. 40). The actual genomic 
DNA concentration o/ each sample, « t was ob 
tallied by extrapolation to tltu *a*U. 

Figure 4 A shows the measured {{.a., iu>n- 
normalised) quantities of factor VJJJ plnsmid 
ONA (pJ*81*M) from each of the four transient cell 
transfections. Each reaction contained )00 n£ of 
total sample DNA (as determined by UV spectros- 
copy}. l%ach sample wa.s analyzed in triplicate 



Kl Al UMI- OUANT1TATIVK PCI? 

TC:fc amplification*. As shown, p! : 8TKt purified 
*fxtjic Jhc 293 cells decreases (mean C, values in- 
env.wej with decreasing amounts of plaxmid 
aruitslvUccL The mean C L values obtained for 
prWtfHn TljfUfC 4A "were plotted on a standard 
curve comprised uf sctially diluted pKHTM, 
shown m figure 4R. The quaullly uJ pI'KTM, b, 
found in each of the four transfectlonK was de- 
tcrmined by extrapolation to the x axis of the 
standard curve In figure 411. Thttsc uncorrected 
values, b, for pFK'l'M were normaM^d to deter- 
mine the actual amount of pl'8TM found per 100 
rif« of genomic DNA by using Ihe equation:. 

it x 10 0 lift uctual pFR*l*M copies per 
a r 100 ng of genomic DNA 

where a-- actual genomic DNA in u sample and 
b pC ; fl"I*M copies from the standard curve. The 
normal ir-ed quantity of pl'STM per 100 ng of ge- 
nomic DNA for each of the four t ransfections Is 
shown In Figure 4JJ. 'n»csc results show iijai ihc 
quantity of factor VUl plasmiU associated wiih 
the 2V3 cells, 21 lir after traiusfvcliun. ducieuscs 
with decreasing plasm id cunceiUiatJon used In 
the transfer ion. The quantity of pl'BTM nssocJ- 
atea with 293 cells, after trunsfealon with 40 u£ 
of ptasmid, was 35 pgper 100 ng genomic DNA. 
This results in -520 plasuiid copies per cell. 



DISCUSSION 

Wo have described a new method for quantitut- 
gene copy numbers using real-time analysis 
of i'CK amplifications. ReaMlmc PCM is compat- 
ible with cither of the IWO FCK (KT-PCR) ap- 
proaches: (1) quantitative comr^thivc where an 
interna] competitor for each target sequence is 
used for normaJixuUon (data not shown) or (2) 
quantitative comparative 1*CH using a iiuiuirtli^- 
tton gem* contained within the sample (i.e., (3-ac- 
tJii) or a "housekeeping" gene for RT-PCK- If 
equal amounts of nucleic add are analyzed for 
each sample and if the amplification efficiency 
before quantitative analysis i> identical for each 
sample, the Imernui cuntml (nutmaHmiUm gene 
or competitor) should Rlvc equal sepals for all 
samples. 

The real-time PCU method offers several ad- 
vantages over the other two methods currently 
employed (see the introduction). First/ the real, 
time PCR method is perfoniicd in a doscd-tube 
system and requires no post-PCR manipulation 
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Figure 3 Analysis uf li ansfectcd cell DNA quoriUly 
and purity. Ihc DNA prepftratlons of the four 293 
cell transfecUons (40, A, 0.5, and 0,1 u,g of pF8TM) 
were analyzed for the £-actin gene. 100 and 10 ng 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pf 8TM that was transfectcd, the (3-actln 
C T values are plotted versus the total Input DNA 
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Figure 4 Quantitative- analyst of pFSTM in transfocted eclb. (,4) Amount of 
plasmid DN*A used for I he transection plotted against the iiwun C, value deter- 
mined for pfSTM rcmAlnintj ;>-f hr alter transection, <fl,C) Standard curves of 
pPflTfvJ and p-actlr,, respectively, pf 8TM DNA (0) and genomic DNA (Q were 
diluted terWty 1 :S before amplification with the appropriate primer*. The p-actin 
standard curve way used to normalise the results of /Uo 1 00 rig of genomic DNA. 
<0) The amount of pFSTM present per 100 ng of genomic ONA* 



of sample. Therefore, lh<- potential for rCH con* 
lamination in the laboratory is reduced because 
amplified producti? cam he yualywd and disposed 
of without opening tlw reaction tubes. Second, 
this method suppot U the u.vs of a normal fetation 
gene (Lc., p-actin) for quantitative PGR or house- 
keeping genes for cjwmtitcltrvc RT-l'CU controls. 
Analysis is perform cd i" real Urnc during the Jog 
phase of product accumulation. Analysis during 
h>K phase permits many different genes (over a 
wide input target range) to be analyy^d .limuiuv 
mtously, without concern of reaching reaction 
plateau at different cycles, Tins will make nuiJtl- 
gene analysis assays much caslw to develop, be- 
cause individual internal comut:Ulut> will nut be 
needed for each gene under analysis. Third, 
artinplc throughput will iitciea>e dramatically 
with the new method because there is no post. 
TCR processing, time. Additionally, woiking In a 
VG-wqW format is highly compatible with auto* 
mation technology. 

Hie real-time PGR method t5> highly repro- 
ducible. Replicate, amplifications can be analysed 



for each sample minimizing j>otcnttal error. The. 
.system allows for a very large assay dynamic 
range (approaching 1,000,000-fold starting tin- 
gel). Uaing u .standard curve for the target oi in- 
terest, relative copy number values can be deter- 
mined for any unknown maniple, Fluorescent 
threshold values, C p ccn leJair. linearly with rela- 
tive DNA copy numbers. Keal time quantitative 
HT-PCH methodology (Gibson ct aL, this Issuft) 
has also been developed. Anally, real Umt qwaii- 
tifative I'CU methodology can be used to develop 
high-throughput screening assay* for a variety of 
applications [qualitative gene CApicaaiuu (KT- 
PCR), gene copy wt**y* <f 1cr2, I31V, etc.), £cno- 
typing (knockout mouse analysis), and hnmum>- 
ronj. . • ' 

Real-time POR may alio l>c j>erformccl using 
intercalating dyes (Hlgtichi ct id- 1 WA,) such as 
clJiJdium bromide. The fluorogenie prohe. 
method offers a major advantage over inter- 
calating dyes— greater spcelflcity (i.e., primer 
dimvrs and noospecJflc PGR products are not de- 
moted). 
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METHODS 

Generation of <t flasmld Containing'- a Partial 
cDNA Tar Human Factor Y11I 

Total UNA harvested (ttNA*r»l » 'from Tel Tc*t, inc., 
rnc«dsveood, TX) from cell*. I i-MWfeeled with a factor VM 
expression vector, pC:JS2.tk4£>U (Koum el id. l u H6; Cor. 
man ct al. 1900). A factor Vlll purtla! cIlNA wpiefHV WAS 
^,».r»«-il by irr \>CM KSmioAmp !</ iTlh RNA t»Hl Wl 
(pan NW1K-0179, it Applied tfiosyucm*, ftnrtci City, C^\)J 
using the l»<:il |jriuivrs FKfor mul Ittrev (|«riim*r «>qiiriirn 
are shown Mow). *lW ampUcon was reampIiOVd using 
modified ffifor and Wrcv primers (amwiulea with Hamito 
and HinMl restriction sire sequences »t tliv V end* and 
clonal Into pGKM- 3Z (rromegu tuvn.. Mudtson, Wl). The 
resulting clone, pPSTM, was used lor transient transfectlon 
of £93 cells. 



Amplification of Target DNA ami Duiecilon of 
Amplicon Factor Vlll WasmicS DNA 

(|)r*cn*M) was <nnpllft«u with the i»imvis Wtfor S'-CXX!- 

crrcKx^AGAuixiAtxiicrrcv-a' and wrcv .v-AAAtarr- 

tUOCXn GGARi<rrAOCJ-,lMli« rvwcllun produced w 47.% 
np k:k product. The forward primer was dolgucd tu icv 
ognlxc u unique M*tpieine f<mnd In the 5' untranslated 
region of Kill! pa I Pi U pC132,tkWI> pltfanml <imiI (hufcforc 
docs not ivouguUu amplify the human foe tor VHI 
gene. l*rtmnfs woro chose n with Uto avsistatn** of llw com- 
puter program OUgo LO (Nutiim;d ltiuscionccs, lne„ iHy. 
mouth, MN). The human f3-actln g«mc whs amplified with 
the primers p-m-tin forward primer .V-TCACOOACAC ITCH* 
GCCCAT(7rAC:C*;A-.V and £l-adin reverse piimcc .*»'•( !ACI- 
CGCAACC:0frr<:Anc;(X^AJGG.3'. The reaction pro- 
CluCCG a 295- ftp vCM product. 

Amplification' reactions (50 (J) contained a UNA 
sample, I0X IK;U Buffer II (a p,l), 2CKJ jUrf dAlT, dOT, 
dGTP, and 400 jim riim» # 4 inuMg<:i„ I.3LS Units Ampll 
7W<; DMA polymerase, 0,5 unit Ampttasc uracil N-jjiy- 
tawyluae <LTHG), SO pmolc of each factot VHI primes, ond 15 
ptnole <t( imdi p actln pUmer. Tho icaetloiw. also contained 
OIK Of the foMowIng detection proles (inn nu enrh): 

l/Hii^ite A'(!'AW)Ac:crrcrr<:cu<:crr<;crn , <- ,, m*<n , <i , r- 

GCCTT(TAMRA)p 3' «ud p-netin proU- 5' (TAM)ATG X 
X(TAMRA)CCCC^:ATCCCATC|»-.*^ , where p indicates 
phrMphnryl^UAn and X Jndlrotcs a linker ami nucleotide. 
Reaction IuIh.-* w«-tx* MitmiAmp Optk^al lubes (part num- 
ber NkOI 09.13, Pcrkln iUawr) that wore frosted (A IVrfcln 
Hlrucr) to [m-wiil l; ti ht from reflecting. Tube caps were 
similar to MicroAnip Capa Inn specially designed to pre- 
vent Hfiln wa(lerhi 8 ..A11 <*l tl»e l»t;R ^/MAutnhhW* were tK%\* 
r licd hy PK Applied WotfyMen^ (|io*ler CJUy, CA) excepi 
the factor Vlll prlcuers, which wcie .tyntheslwd at Cenen 
tech, Inc. (Soutli Francisco, CA). Prc4>ev wm- designed 
using the Olifio 4.0 software, A>llc»wlft|; guldelhies wi«- 

j»C5ied in inc Model 7700 .sequence Pcuvior liMtiunietil 
manual. Hrlcfly, probe T m ^JhmiW he al least 5 U C h^hrr 
Ulan rite amiealltijt lempei^iurc uaetl during ihrrmal ey- 
rling; pfimcrs Should not fonn M-hlv duplexed with Ihe 
probe. 

;nic Uicniml , cycling Condi tknvs Included 2 mill ai 
50 v C and 10 mitt at 95*0. Thermal cycling prncrrded with 
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reactions were performed in the Model 7701) Sequence IV- 
Uni<»r (l»U Applted Ulusyvleuiv), »ililrh contains * Cc«w- 
Amp l*<";K Sy&lwm yOOO. kfeactlon cvuditio«< w««re jwo. 
grutuiiicU on a IW<w M«cinto-h 7100 (Apple C'-onmuter, 
Santa Oara, C 4 J\) linked directly to the Motlel V?0n .S.*- 
o^ueiicv IXilecton AiiMlyvU of data w»« at»a.i jtf*rform<«d on 
the M^tnlAah eomputcr. f^llaethm atiU anarydc software 
wiu develo|wl at IOC Applied nlosystuius. 

Traiwfection of Cells with Factor Vlll Construct 

J^mr T17.S flasks of 293 cells (Ala: CM. 15711), a human 
fetol kidney nwpvnaioii cell line, were gmwi lci BOOt) con- 
fluency and transacted pWU. Cells were grown in the 
following tncdlni 50% HAM'S VI 2 without GHT, 50% low 
glucose ) uuiKTcn'a intKhflcd Ka^ic rncxliuiu (UMIiM) wltli* 
otn glycine with sodium bicarbonate, 10% letal bovine 
serum, 2 ihm L-giul«iniiK, and 1% peniciliin-slrciitnm^ 
iln. The. media woa cJiaoK cd 30 roln ^ w <M<> ,ran2fcc 
Uon, pl ; UTM WA amounts of 40, 4, OS, and OJ were 
itUdctl io ml of a solution contalnlnR 0.125 m CmO* 
and 1 X llWliS. The four mixtures were left al room tern- 

|^e/vt«rv (tn to mln and Uvrti iiO\le*l HrtipwLK- to d»e cell*, 
niiv n»»k> wvi»-,ifK.uUilcd at 37°C. arwl ( for 24 hr, 
washed with PUS* i»»d *«s«spcndcd In V\)&< Thtf, .Wiut 
p\*nUud celh were divided into wlit|uot» nod UNA was ex- 
tracted Immediately usdng Uh? QfAamp Rlmxl Kil (Ql^ffen. 
ajat^Yrorth, <.W>. I>NA wos doled Into 200 ol 30 t»u 
TrWIOJ ul pllH.O. 
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ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP-1 and WISP-2, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
Wnt-t, but not by Wnt-4. Together with a third related gene, 
WISP-3, these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (<) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tetracylihe repressible promoter, and (if) Wnt-1 transgenic 
mice. The WISP-l gene was localized to human chromosome 
8q24.1-8q24J. WlSP-1 genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2- to >30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISPS 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to > 40-fold) in 63% of the colon tumors analyzed. 
In contrast, WISP-2 mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to > 30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 

Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-l is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic, protein Dishevelled 
(Dsh) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-30 (GSK-3/3) resulting in an increase in 
0-catenin levels. Stabilized /3-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 
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the nucleus and binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (A PC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
0-catenin levels (9). A PC is phosphorylated by GSK-3/3, binds 
to 0-catenin, and facilitates its degradation. Mutations in 
either APC or /3-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1). 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3, a member of 
the transforming growth factor (TGF)-0 superfamiiy, and the 
homeobox genes, engrailed, goosecoid, twin (Xtwn\ and siamo 'is 
(2). A recent report also identifies c-mvc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and retractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-1 
and WISP-2, and a third related gene, WISP-3. The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor, CTGF, connective 
tissue growth factor, SSH, suppression subtractive hybridization; 
VWC, von Wiilebrand factor type C module. 
Data deposition: The sequences reported in this paper have been 
deposited in the Genbank database (accession nos. AF100777, 
AF100778, AF100779, AF100780, and AF100781). 
1To whom reprint requests should be addressed, e-mail: diane@gene. 
com. 
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cDNA was synthesized from 2 jig of poly(A)+ RNA isolated 
from the C57MG/ Wnt-1 cell line and driver cDNA from 2 /xg 
of poly(A) + RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WISP-l were isolated by screening a AgtlO mouse 
embryo cDNA library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-l 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
coding full-length mouse and human WISP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WISP-3 were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA- PCR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 /xM of each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and glyceraldehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. 33 P-labeled sense and antisense ribo- 
probes were transcribed from an 897-bp PCR product corre- 
sponding to nucleotides 601-1440 of mouse WISP-l or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WISP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-ampIified, and the results 
were submitted to the Stanford or Massachusetts institute of 
Technology web servers. 

* Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCl cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-myc in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2(a«) where ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
a-method was used for calculation of the SE of the gene copy 
number or RN A expression level. The Jf/SP-specific signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosystems. 

RESULTS 

Isolation of WISP-l and WISP-2 by SSIL To identify Wnt- 
1-inducibie genes, we used the technique of SSH using the 
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mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/Wnt-1 cells. 

Two of the cDNAs, WISP-l and WISP-2, were differentially 
expressed, being induced in the C57MG/ Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. 1 A and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on 0-catenin levels (13, 14). Expression of WISP-l was 
up-regulated approximately 3-fold in the C57MG/Wnt-1 cell 
line and WISP-2 by approximately 5-fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-1 gene under the control of a tetracycline- 
repressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-1 mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WISP-l were isolated and the 
sequence compared with mouse WISP-l. The cDNA sequences 
of mouse and human WISP-l were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of **40,000 (M x 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 2/1). 

Full-length cDNA clones of mouse and human WISP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of ~27,000 (M T 27 K) (Fig. IB). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 
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Fig. I. WISP-l and WISP-2 are induced by Wnt-1, but not Wnt-4, 
expression in C57MG cells. Northern analysis of WISP-l (A) and 
WISP-2 (B) expression in C57MG, C57MG/Wnt-1, and C57MG/ 
Wnt-4 cells. Poly(A) + RNA (2 /xg) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse Jf75P-i-specific probe 
(amino acids 278-300) or a 190-bp WTS/^-specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridized with 
human 0-actin probe. 
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Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP-1 (A) and mouse and human WISP-2 (B). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWC, thrombospondin (TSP), and C-terminal (CT) domains are 
underlined. 

position 197. WISP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-1 . 

Identification of WISPS. To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-1 protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WISPS cDNA of 1371 bp was isolated corresponding to those 
ESTs that encode a 354 r aa protein with a predicted molecular 
mass of 39,293. WISP-3 has two potential N-linked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
human WISP proteins shows that WISP-1 and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-1 and 32% identity with WISP-3 (Fig. 3/f). 

WISPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-1, WISP-2, and WISP-3 are novel sequences; 
however, mouse WISP- 1 is the same as the recently identified 
Elml gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WISP-2 are homologous to the recently 
described rat gene, rCop-1 (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogen ic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-/3 (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19); nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, . similarity to Wnt-1. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 3B) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXQ conserved in most insulin-like growth factor V (IGF)- 
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Fig. 3. (/I ) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-1 and WISP-2 that are not 
present in WISP-3 are indicated with a dot. (£) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-1 has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25).. The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 3 A and B). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown). 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels. 
WISP-l expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WISP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISPS was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISPS 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISP-l and WISP-2. Expression of 
WISP- 1 and WISP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP-l was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP- 1 expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP- 1, WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 £-H). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 




Fig. 4. (A, C, E , and G) Representative hematoxyiin/cosin-stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WISP-l expression are shown in B and 
D. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power (A and B), 
expression of WISP-l is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and 0), and tumor cells are negative. 
Focal expression of WISP-l* however, was observed in tumor cells in 
some areas. Images of WISP-2 expression are shown in E-H. At low 
power (E and F), expression of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and //). 
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the predominant cell type expressing WISP-l was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-l is approximately 
3.48 cR from the meiotic marker AFM259xc5 (logarithm of 
odds (lod) score 16.31 J on chromosome 8q24.1 to8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary fine 
mapping indicates that WISP-l is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.1. Human WlSP-3 mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000). WISPS is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-l resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines was 
assessed by quantitative PCR and Southern blot analysis. (Fig. 
5 A and B). Both methods detected similar degrees of WISP-l 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-l locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6). The copy number of WISP-l and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-l in about 60% of the tumors and 2- to 4-fold 
for WISP-2 in 92% of the tumors (P < 0.001 for each). The 
copy number for WISPS was indistinguishable from one (P = 
0.166). In addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-l (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 




Fig. 5. Amplification of WISP-l genomic DNA in colon cancer cell 
lines. (A) Amplification in cell line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic DNA (10 • /in- 
digested with EcoRl {WISP-l) or Xbal (c-myc) were hybridized with 
a 100-bp human WISP-l probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 




Cell Biology, Medical Sciences: Pennica et al: 



Proc. Natl. Acad. ScL USA 95 (1998) 14721 




WISP-3 



Jliiiiiiiiiiiliiiiuiiiiii 



Tumor Number " " r *" 

Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PGR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means ± SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PCR (Fig. 7). The level of WISP-1 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 19% (15/19) of the tumors examined, WISP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-1, WISP-3 RNA was overexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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Fig. 7. WISP RNA expression in primary human colon tumors 
relative to expression in normal mucosa from the same patient 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means ± SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 



mucosa. The amount of overexpression of WISPS ranged from 
4- to >40-fold. 



DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-1. 

Three of the genes isolated, WISP- 1, WISP-2, and WISP-3, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., 0-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-1 -transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through /3 -cat en in 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of W1SP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WISP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-/3, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WISP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin o^ftj serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-1 and WISP-2. in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-01, which is the stimulus for 
stromal proliferation (34). TGF-01 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply WIS P-l and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP-I 
and WISP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WlSP-1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas oyerexpressibn of 
WISP-3 RNA was seen in the absence of DNA amplification. 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its m RNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP 2 was localized to chromosome 20ql2-20q 13, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-J, the rat orthologue of 
WISP-2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16)* Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and 0-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic 0-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG ceils suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. . 
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methods. Peptides AENKor AEQK were dissolved in water, made isotonic with 
NaCl and diluted into RPM1 growth medium. T-cell -proliferation assays were 
done essentially as described 20 - 11 . Briefly, after antigen pulsing {JOjxgmr' 
TTCF) with tetrapeptides (l-2mgmr l ), PBMCs or EBV-B cells were 
washed in PBS and fixed for 45 s in 0.05% glutaraldehyde. Glycine was added 
to a final concentration of 0.1M and the cells were washed five times in RPMI 
1640 medium containing 1% FCS before co-culture with T-cell clones in 
round-bottom 96-well microtitre plates/ After 48 h, the cultures were pulsed 
with 1 u,Ct of 5 H-thymidine and harvested for scintillation counting 16 h later. 
Predigestion of native TTCF was done by incubating 200 u,g TTCF with 0-25 u,g 
pig kidney legumain in 500 u,l 50 mM citrate buffer, pH 5.5, for 1 h at 37 °C. 
Glycopeptide digestions. The peptides HIDMEEDI, HIDN(N-glucosamine) 
EEDl and HIDNESD1, which are based on the TTCF sequence, and 
QQQHLFGSNVTDCSGNFCLFR(KKK), which is based on human transferrin, 
were obtained by custom synthesis. The three C-terminal lysine residues were 
added to the natural sequence to aid solubility. The transferrin glycopeptide 
QQQHLFGSNVTDCSGNFCLFR was prepared by tryptic (Promega) digestion 
of 5mg reduced, carboxy- methylated human transferrin followed by 
concanavalin A chromatography 1 Glycopcptides corresponding to residues 
622-642 and 421-452 were isolated by reverse-phase HPLC and identified by 
mass spectrometry and N-terminal sequencing. The lyophilized transferrin - 
derived peptides were redissolved in 50'mM sodium acetate, pH 5.5, 10 mM 
dithiothreitol, 20% methanol. Digestions were performed for 3 h at 30 °C with 
5-50 mU ml"' pig kidney legumain or B-cell AEP. Products were analysed by 
HPLC or MALDI-TOF mass spectrometry using a matrix of tOrngmr' a- 
cyanocinnamicacid in 50% acetonitrile/0.1% TFA and a PerSeptive Biosystems 
Elite STR mass spectrometer set to linear or reflector mode. Internal standar- 
dization was obtained with a matrix ion of 568.13 mass units. 
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Fas ligand (FasL) is produced by activated T ceils and natural 
killer cells and it induces apoptosis (programmed cell death) In 
target cells through the death receptor Fas/Apol/CD95 (reL 1). 
One important role of FasL and Fas is to mediate Immune- 
cytotoxic killing of cells that are potentially harmful to the 
organism, such as virus-infected or tumour cells 1 . Here we 
report the discovery of a soluble decoy receptor, termed decoy 
receptor 3 (DcR3), that binds to FasL and inhibits FasL-induced 
apoptosis. The DcR3 gene was amplified in about half of 35 
primary lung and colon tumours studied, and DcR3 messenger 
RNA was expressed in malignant tissue. Thus, certain tumours 
may escape FasL-dependent immuneH^totoxic attack by expres- 
sing a decoy receptor that blocks FasL. 

By searching expressed sequence tag (EST) databases, we identi- 
fied a set of related ESTs that showed homology to the tumour 
necrosis factor (TNF) receptor (TNFR) gene superfamily 2 . Using 
the overlapping sequence, we isolated a previously unknown full- 
length complementary DNA from human fetal lung. We named the 
protein encoded by this cDNA decoy receptor 3 (DcR3). The cDNA 
encodes a 300-amino-acid polypeptide that resembles members of 
the TNFR family (Fig. la): the amino terminus contains a leader 
sequence, which is followed by four tandem cysteine-rich domains 
(CRDs). Like one other TNFR homologue, osteoprotegerin (OPG) 3 , 
DcR3 lacks an apparent transmembrane sequence, which indicates 
that it may be a secreted, rather than a membrane -asscociated, 
molecule. We expressed a recombinant, histidine-tagged form of 
DcR3 in mammalian cells; DcR3 was secreted into the cell culture 
medium, and migrated on polyacrylamide gels as a protein of 
relative molecular mass 35,000 (data not shown). DcR3 shares 
sequence identity in particular with OPG (31%) and TNFR2 
(29%), and has relatively less homology with Fas (17%). All of 
the cysteines in the four CRDs of DcR3 and OPG are conserved; 
however, the carboxy- terminal portion of DcR3 is 101 residues 
shorter. 

We analysed expression of DcR3 mRNA in human tissues by 
northern blotting (Fig. lb). We detected a predominant 1.2-kilobase 
transcript in fetal lung, brain, and liver, and in adult spleen, colon 
and lung. In addition, we observed relatively high DcR3 mRNA 
expression in the human colon carcinoma cell line SW48G\ 

To investigate potential ligand interactions of DcR3, we generated 
a recombinant, Fc-tagged DcR3 protein. We tested binding of 
DcR3-Fc to human 293 cells transfected with individual TNF- 
family ligands, which are expressed as type 2 transmembrane 
proteins (these transmembrane proteins have their N termini in 
the cytosol). DcR3-Fc showed a significant increase in bmding to 
cells transfected with FasL 4 (Fig. 2a), but not to cells transfected with 
TNF 5 , Apo2L/TRAIL 6,7 , Apo 3 L/TWE ABC** 9 , or OPGUTRANCE/ 
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RANKL 10 " 12 (data not shown). DcR3-Fc immunoprecipitated shed 
FasL from FasL-transfected 293 cells (Fig. 2b) and purified soluble 
FasL (Fig. 2c), as did the Fc-tagged ectodomain of Fas but not 
TNFRl. Gel-filtration chromatography showed that DcR3-Fc and 
soluble FasL formed a stable complex (Fig. 2d). Equilibrium 
analysis indicated that DcR3-Fc and Fas-Fc bound to soluble 
FasL with a comparable affinity (K 4 = 0.8 ± 0.2 and 
Kl±0.inM, respectively; Fig- 2e), and that DcR3-Fc could 
block nearly all of the binding of soluble FasL to Fas-Fc (Fig. 2e, 
inset). Thus, DcR3 competes with Fas for binding to FasL. 

To determine whether binding of DcR3 inhibits FasL activity, we 
tested the effect of DcR3-Fc on apo ptosis induction by soluble 
FasL in Jurkat T leukaemia cells, which express Fas (Fig. 3a). DcR3- 
Fc and Fas-Fc blocked soluble-FasL-induced apoptosis in a 
similar dose-dependent manner, with half-maximal inhibition at 
~0.1 fJLgmF 1 . Time-course analysis showed that the inhibition did 
not merely delay cell death, but rather persisted for at least 24 hours 
(Fig; 3b). We also tested the effect of DcR3-Fc on activation- 
induced cell death (AICD) of mature T lymphocytes, a FasL- 
dependent process 1 . Consistent with previous results 13 , activation 
of interleukin-2 -stimulated CD4-positive T cells with anti-CD3 
antibody increased the level of apoptosis twofold, and Fas-Fc 
blocked this effect substantially (Fig. 3c); DcR3-Fc blocked the 



induction of apoptosis to a similar extent. Thus, DcR3 binding 
blocks apoptosis induction by FasL. 

FasL-induced apoptosis is important in elimination of virus- 
infected cells and cancer cells by natural killer cells and cytotoxic T 
lymphocytes; an alternative mechanism involves perforin and 
granzymes M4 ~ lfc . Peripheral blood natural killer cells triggered 
marked cell death in Jurkat T leukaemia cells (Fig. 3d); DcR3-Fc 
and Fas-Fc each reduced killing of target cells from ^-65% to 
~30%, with half- maximal inhibition at — lu-gmT 1 ; the residual 
killing was probably mediated by the perforin/granzyme pathway. 
Thus, DcR3 binding blocks FasL-dependent natural killer cell 
activity. Higher DcR3-Fc and Fas-Fc concentrations were required 
to block natural killer cell activity compared with those required to 
block soluble FasL activity, which is consistent with the greater 
potency of membrane -associated FasL compared with soluble 
FasL 17 . 

Given the role of immune -cytotoxic cells in elimination of 
tumour cells and the fact that DcR3 can act as an inhibitor of 
FasL, we proposed that DcR3 expression might contribute to the 
ability of some tumours to escape immune-cytotoxic attack. As 
genomic amplification frequently contributes to tumorigenesis, we 
investigated whether the DcR3 gene is amplified in cancer. We 
analysed DcR3 gene -copy number by quantitative polymerase chain 
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Figure 1 Primary structure and expression of human DcR3. a, Alignment of the 
amino-aa'd sequences of DcR3 and of osteoprotegerin (OPG): the C-terminal 101 
residues of OPG are not shown. The putative signal cleavage site (arrow), the 
cysteine-rich domains (CRD 1 -4), and the Ay-linked glycosylation site (asterisk) are 
shown, b. Expression of DcR3 mRNA. Northern hybridization analysis was done 
using the DcR3 cONA as a probe and blots of pofy(A)* RNA (Clontech) from 
human fetal and adult tissues or cancer cell lines. PBU peripheral blood 
lymphocyte. 



Figure 2 Interaction of DcR3 with FasL. a, 293 cells were transfected with pRK5 
vector (top) or with pRK5 encoding full-length FasL (bottom), incubated with 
0cR3-Fc (solid line, shaded area). TNFR1-Fc (dotted line) or buffer control 
(dashed line) (the dashed and dotted lines overlap). and analysed for binding by. 
FAGS. Statistical analysis showed a significant difference (P < 0.001 ) between the 
binding of OcR3-Fc to cells transfected with FasL or pRK5. PE, phycoerythrin- 
labelled cells, b. 293 cells were transfected as in a and metabolically labelled, and 
cell supernatants were immunoprecipitated with Fc-tagged TNFR1, DcR3 or Fas. 
c, Purified soluble FasL (sFasL) was immunoprecipitated with TNFR1-Fc. DcR3- 
Fc or Fas-Fc and visualized by immunoblot with anti-FasL antibody. sFasL was 
loaded directly for comparison in the right-hand lane, d, Rag-tagged sFasL was 
incubated with DcR3-Fc or with buffer and resolved by gel filtration: column 
fractions were analysed in an assay that detects complexes containing DcR3-Fc 
and sFasL-Flag. e. Equilibrium binding of DcR3-Fc or Fas-Fc to sFasL-Flag. 
Inset competition of DcR3-Fc with Fas-Fc for binding to sFasL-Flag. 
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reaction (PCR) lfl in genomic DMA from 35 primary lung and colon 
tumours, relative to pooled genomic DNA from peripheral blood 
leukocytes (PBLs) of 10 healthy donors. Eight of 18 lung tumours 
and 9 of 17 colon tumours showed DcR3 gene amplification, 
ranging from 2- to 18-fold (Fig. 4a, b). To confirm this result, we 
analysed the colon tumour DNAs with three more, independent sets 
of DcR3 -based PCR primers and probes; we observed nearly the 
same amplification (data not shown). 

We then analysed. DcR3 mRNA expression in primary tumour 
tissue sections by in situ hybridization. We detected DcR3 expres- 
sion in 6 out of 15 lung tumours, 2 out of 2 colon tumours, 2 out of 5 
breast tumours, and 1 out of 1 gastric tumour (data not shown). A 
section through a squamous-cell carcinoma of the lung is shown in 
Fig. 4c DcR3 mRNA was localized to infiltrating malignant epithe- 
lium, but was essentially absent from adjacent stroma, indicating 
tumour-specific expression. Although the individual tumour speci- 
mens that we analysed for mRNA expression and gene amplification 
were different, the in situ hybridization results are consistent with 
the finding that the DcR3 gene is amplified frequently in tumours. 
SW480 colon carcinoma cells, which showed abundant DcR3 
mRNA expression (Fig. lb), also had marked DcR3 gene amplifica- 
tion, as shown by quantitative PCR (fourfold) and by Southern blot 
hybridization (fivefold) (data not shown). 

If DcR3 amplification in cancer is functionally relevant, then 
DcR3 should be amplified more than neighbouring genomic 
regions that are not important for tumour survival. To test this, 
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Figure 3 Inhibition of Fast activity by DcR3. a, Human Jurkat T leukaemia ceils 
were incubated with Rag-tagged soluble FasL (sFasU 5 ng ml" 1 ) oligomerized 
with anti-Rag antibody (0.1 jtg ml -1 ) in the presence of the proposed inhibitors 
DcR3-Fc t Fas-Fc or human IgGl arid assayed for apoptosis (mean ± s.e.m. of 
triplicates), b, Jurkat cells were incubated with sFasL-Flag plus anti-Flag antibody 
as in a, in presence of 1 jig mT*' DcR3-Fc (filled circles), Fas-Fc (open circles) or 
human IgGl (triangles), and apoptosis was determined at the indicated time 
points, c. Peripheral blood T cells were stimulated with PHA and interieukin-2, 
followed by control (white bars) or anti-CD3 antibody (rilled bars), together with 
phosphate-buffered saline (PBS), human IgGl Fas-Fc. or DcR3-Fc ( 10 ihq ml - '). 
After 16 h, apoptosis of CD4* cells was determined (mean ± s.e.m. of results from 
five donors), d. Peripheral blood natural killer cells were incubated with 5, Cr- 
labelled Jurkat cells in the presence of DcR3-Fc (filled circles). Fas-Fc (open 
circles) or human lgG1 (triangles), and target-cell death was determined by 
release of 5, Cr (mean ± s.d. for two donors, each in triplicate). 



we mapped the human DcR3 gene by radiation-hybrid analysis; 
DcR3 showed linkage to marker AFM218xe7 (T160), which maps to 
chromosome position 20ql3. Next, we isolated from a bacterial 
artificial chromosome (BAC) library a human genomic clone that 
carries DcR3, and sequenced the ends of the clones insert. We then 
determined, from the nine colon tumours that showed twofold or 
greater amplification of DcR3, the copy number of the DcR3- 
flanking sequences (reverse and forward) from the BAC, and of 
seven genomic markers that span chromosome 20 (Fig. 4d). The 
DcR3-linked reverse marker showed an average amplification of 
roughly threefold, slightly less than the approximately fourfold 
amplification of DcR3; the other markers showed little or no 
amplification. These data indicate that DcR3 may be at the 'epi- 
centre* of a distal chromosome 20 region that is amplified in colon 
cancer, consistent with the possibility that DcR3 amplification 
promotes tumour survival. 

Our results show that DcR3 binds specifically to FasL and inhibits 
FasL activity. We did not detect DcR3 binding to several other TNF- 
ligand- family members; however, this does not rule out the possi- 
bility that DcR3 interacts with other ligands, as do some other 
TNFR family members, including OPG U9 . 

FasL is important in regulating the immune response; however, 
little is known about how FasL function is controlled. One mechan- 
ism involves the molecule cFLIP, which modulates apoptosis signal- 
ling downstream of Fas 20 . A second mechanism involves proteolytic 
shedding of FasL from the cell surface 17 . DcR3 competes with Fas for 
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figure 4 Genomic amplification of DcR3 in tumours, a. Lung cancers, comprising 
eight adenocarcinomas (c, d. f. g, h, j, k, r), seven squamous-cell carcinomas (a, e, 
m, n. o, p. q), one non-small-cell carcinoma (b). one small-cell carcinoma (i), and 
one bronchial adenocarcinoma (I). The data are means ± s.d. of 2 experiments 
done in duplicate, b, Colon tumours, comprising 17 adenocarcinomas. Data are 
means i s.e.m. of five experiments done in duplicate, c, In situ hybridization 
analysis of DcR3 mRNA expression in a squamous-cell carcinoma of the lung. A 
representative bright-field image (left) and the corresponding dark-field image 
(right) show DcR3 mRNA over infiltrating malignant epithelium (arrowheads). 
Adjacent non-malignant stroma (S). blood vessel (V) and necrotic tumour tissue 
(N) are also shown, d. Average amplification of DcB3 compared with amplifica- 
tion of neighbouring genomic regions (reverse and forward. Rev and Fwd), the 
DcR3-linked marker T16Q, and other chromosome-20 markers, in the nine colon 
tumours showing OcR3 amplification of twofold or more (b). Oata are from two 
experiments done in duplicate. Asterisk indicates P < 0.01 for a Student's f-test 
comparing each marker with DcR3. 
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FasL binding; hence, it may represent a third mechanism of 
extracellular regulation of FasL activity. A decoy receptor that 
modulates the function of the cytokine interleukin-1 has been 
described 2 '. In addition, two decoy receptors that belong to the 
TNFR family, DcRl and DcR2, regulate the FasL-related apoptosis- 
inducing molecule Apo2L". Unlike DcRl and DcR2, which are 
membrane-associated proteins, DcR3 is directly secreted into the 
extracellular space. One other secreted TNFR- family member is 
OPG 3 , which shares greater sequence homology with DcR3 (31%) 
than do DcRl (17%) or DcR2 (19%); OPG functions as a third 
decoy for Apo2L 19 . Thus, DcR3 and OPG define a new subset o£ 
TNFR- family members that function as secreted decoys to mod- 
ulate ligands that induce apoptosis. Pox viruses produce soluble 
TNFR homologues that neutralize specific TNF-family ligands, 
thereby modulating the antiviral immune response 2 . Our results 
indicate that a similar mechanism, namely, production of a soluble 
decoy receptor for FasL, may contribute to immune evasion by 
certain tumours. Q 



Methods 

Isolation of DcR3 cDNA. Several overlapping ESTs in GenBank (accession 
numbers AA025672, AA025673 and W67560) and in Ufeseq™ (Incyte 
Pharmaceuticals; accession numbers 1339238, 1533571, 1533650, 1542B61, 
1789372 and 2207027) showed similarity to members of the TNFR family. We 
screened human cDNA libraries by PCR with primers based on the region of 
EST consensus; fetal lung was positive for a product of the expected size. By 
hybridization to a PCR-generated probe based on the ESTs, one positive done 
(DNA30942) was identified. When searching for potential alternatively spliced 
forms of DcR3 that might encode a transmembrane protein, we isolated 50 
more clones; the coding regions of these clones were identical in size to that of 
the initial done (data not shown). 

Fc-fusion proteins {immunoadhesins). The entire DcR3 sequence, or the 
ectodomain of Fas or TNFR I. was fused to the hinge and Fc region of human 
IgGl, expressed in insect SF9 cells or in human 293 cells, and purified as 
described". ,.. V 

Fluorescence-activated cell sorting (FACS) analysis. We transfected 293 
cells using calcium phosphate or Effectene (Qiagen) with pRK5 vector or pRK5 
encoding full-length human FasL 4 (2 u.g). together with pRK5 encoding CrmA 
(2u.g) to prevent cell death. After 16 h, the cells were incubated with 
biotinylated DcR3-Fc or TNFRl-Fc and then with phycoerythrin-conjugated 
streptavidin (GibcoBRL), and were assayed by FACS. The data were analysed by 
Kolmogoroy-Smirnov statistical analysis. There was some detectable staining 
of vector-transfected cells by DcR3-Fc; as these cells express little FasL (data 
not shown), it is possible that DcR3 recognized some other factor that is 
expressed constitutively on 293 cells. 

ImmunoprecipJtation. Human 293 cells were transfected as above, and 
metaboUcally labelled with [ 3S S)cysteine and ( 35 S) methionine (0.5 mCi; 
Amersham). After 16 h of culture in the presence of z-VAD-fmk (10|iM), 
the medium was immunopredpitated with DcR3-Fc, Fas-Fc or TNFRl-Fc 
(5 jig), followed by protein A-Sepharose (Repligen). The predpitates were 
resolved by SDS-PAGE and visualized on a phosphorimager (Fuji BAS2000). 
Alternatively, purified, Flag-tagged soluble FasL (1 u.g) (Alexis) was incubated 
with each Fc-fusion protein (1 u,g), precipitated with protein A-Sepharose, 
resolved by SDS-PAGE and visualized by immunoblotting with rabbit anti- 
FasL antibody (Oncogene Research) . 

Analysis of complex formation. Flag-tagged soluble FasL (25u,g) was 
incubated with buffer or with DcR3-Fc (40 |xg) for 1.5 h at 24 °C. The reaction 
was loaded onto a Superdex 200 HR 10/30 column (Pharmacia) and developed 
with PBS; 0.6-ml fractions were collected. The presence of DcR3-Fc-FasL 
complex in each fraction was analysed by placing 100 uJ aliquots into microtitre 
wells precoated with anti-human IgG (Boehringer) to capture DcR3-Fc, 
followed by detection with biotinylated anti-Flag antibody Bio M2 (Kodak) and 
streptavidin-horseradish peroxidase (Amersham). Calibration of the column 
indicated an apparent relative molecular mass of the complex of 420K (data not 
shown), which is consistent with a stoichiometry of two DcR3-Fc homodimers 
to two soluble FasL homotrimers: 

Equilibrium binding analysis. Microtitre wells were coated with anti-human 



IgG, blocked with 2% BSA in PBS. DcR3-Fc or Fas-Fc was added, followed by 
serially diluted Flag-tagged soluble FasL. Bound ligand was detected with anti- 
Flag antibody as above. In the competition assay, Fas-Fc was immobilized as 
above,. and the wells were blocked with excess IgGl before addition of Flag- 
tagged soluble FasL plus DcR3-Fc. 

T-cell AICO. CD3* lymphocytes were isolated from peripheral blood of 
individual donors using anti-CD3 magnetic beads (Miltcnyi Biotech), 
stimulated with phytohaemagglutinin (PHA; 2 u.g ml" 1 ) for 24 h, and cultured 
in the presence of interleukin-2 ( 100 U ml - ') for 5 days. The cells were plated in 
wells coated with anti-CD3 antibody (Pharmingen) and analysed for apoptosis 
16 h later.by FACS analysis of annexin-V-binding of CD4* cells 14 . 
Natural killer cell activity. Natural killer cells were isolated from peripheral 
blood of individual donors using anti-CD56 magnetic beads (Miltcnyi 
Biotech), and incubated for 16 h with s, Cr-loaded Jurkat cells at an effector- 
to-target ratio of 1:1 in the presence of DcR3-Fc, Fas-Fc or human IgGl. 
Target -cell death was determined by release of * l Gr in effector-target co- 
cultures rdative to release of 51 Cr by detergent lysis of equal numbers of Jurkat 
cells. V 

Gene-amplification analysis. Surgical specimens were provided by J. Kern 
(lung tumours) and P. Quirke (colon tumours). Genomic DNA was extracted 
(Qiagen) and the concentration was determined using Hoechst dye 33258 
intercalation fluorometry. Amplification was determined by quantitative PCR U 
using a TaqMan instrument ( ABI). The method was validated by comparison of 
PCR and Southern hybridization data for the Myc and HER- 2 oncogenes (data 
not shown). Gene-specific primers and fluorogenic probes were designed on 
the basis of the sequence of DcR3 or of nearby regions identified on a BAC 
carrying the human DcR3 gene; alternatively, primers and probes were based 
on Stanford Human Genome Center marker AFM218xe7 (T160), which is 
linked to DcR3 (likelihood score = 5.4), SHGC-36268 (T159), the nearest 
available marker which maps to —500 kilo bases .from T160, and five extra 
markers that span chromosome 20. The DcR3- specific primer sequences were 
5'-CTTCTTCGCGCACGCTG-3' and 5'-ATCACGCCGGCACCAG-3' and the 
fluorogenic probe sequence was 5 ' - ( FAM - ACACG ATGCGTGCTCCAAGCAG 
AAp-(TAMARA), where FAM is 5 '-fluorescein phosphoramidite. Relative 
gene-copy numbers were derived using the formula 2 (ACr) , where ACT is the 
difference in amplification cydes required to detect DcR3 in peripheral blood 
lymphocyte DNA compared to test DNA. 
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ABC transporters (also known as traffic ATPases) form a large 
family of proteins responsible for the translocation of a variety 
of compounds across membranes of both prokaryotes and 
eukaryotes 1 . The recently completed Escherichia coli genome 
sequence revealed that the largest family of paralogous £. coli 
proteins is composed of ABC transporters 1 . Many eukaryotic 
proteins of medical significance belong to this family, such as 
the cystic fibrosis transmembrane conductance regulator (CFTR), 
the P-glycoprotein (or multidrug-resistance protein) and the 
heteroduneric transporter associated with antigen processing 
(Tapl-Tap2). Here we report the crystal structure at 1.5 A resolu- 
tion of HisP, the ATP-binding subunit of the histidine permease, 
which is an ABC transporter from Salmonella typhimurium. We 
correlate the details of this structure with the biochemical, genetic 
and biophysical properties of the wild-type and several mutant 
HisP proteins. The structure provides a basis for understanding 
properties of ABC transporters and of defective CFTR proteins. 

ABC transporters contain four structural domains: two nucleo- 
tide-binding domains (NBDs), which are highly conserved 
throughout the family, and two transmembrane domains 1 . In 
prokaryotes these domains are often separate subunits which are 
assembled into a membrane-bound complex; in eukaryotes the 
domains are generally fused into a single polypeptide chain. The 
periplasmic histidine permease of S. typhimurium and £. <ro/i u " 8 is a 
well-characterized ABC transporter that is a good model for this 
superfamily. It consists of a membrane-bound complex, HisQMPj, 
which comprises integral membrane subunits, HisQ and HisM, and 
two copies of HisP, the ATP-binding subunit. HisP, which has 
properties intermediate between those of integral and peripheral 
membrane proteins 9 , is accessible from both sides of the membrane, 
presumably by its interaction with HisQ and HisM 6 . The two HisP 
subunits form a dimer, as shown by their cooperativity in ATP 
hydrolysis 5 , the requirement for both subunits to be present for 
activity*, and the formation of a HisP dimer upon chemical cross- 
linking. Soluble HisP also forms a dimer 3 . HisP has been purified 
and characterized in an active soluble form 3 which can be recon- 
stituted into a fully active membrane : bound complex 8 . 

The overall shape of the crystal structure of the HisP monomer is 
that of an *L' with two thick arms (arm I and arm II); the ATP- 
binding pocket is near the end of arm I (Fig. 1). A six-stranded 0- 
sheet (p3 and £8-0 12) spans both arms of the L, with a domain of a 
a- plus p-type structure (pi, P2, 04-07, al and ct2) on one side 
(within arm I) and a domain of mostly a-helices (ot3-a9) on the 
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Figure 1 Crystal structure of HisP. a, View of the dimer along an axis 
perpendicular to its two-fold axis. The top and bottom of the dimer are suggested 
to face towards the periplasmic and cytoplasmic sides, respectively (see text). 
The thickness of arm II is about 25 A. comparable to that of membrane. a-Helices 
are shown in orange and 0-sheets in green, b, View along the two-fold axis of the 
HisP dimer, showing the relative displacement of the monomers not apparent in 
a. The (3-strands at the dimer interface are labelled, c. View of one monomer from 
the bottom of arm I, as shown in a, towards arm II, showing the ATP-binding 
pocket a-c. The protein and the bound ATP are in 'ribbon' and 'ball-and-stick' 
representations, respectively. Key residues discussed in the text are indicated in 
c. These figures were prepared with MOLSCR1PT 29 . N, amino terminus: C. C 
terminus. 
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Gene amplification is a common event in the progression of 
human cancers, and amplified oncogenes have been shown to 
have diagnostic, prognostic and therapeutic relevance. A 
kinetic quantitative polymerase-chain-reaction (PCR) method, 
based on fluorescent TaqMan methodology and a new instru- 
ment (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real-time, was used to quantify 
gene amplification in tumor DNA. Reactions are character- 
ized by the point during cycling when PCR amplification is still 
in the exponential phase, rather than the amount of PCR 
product accumulated after a fixed number of cycles. None of 
the reaction components is limited during the exponential 
phase, meaning that values are highly reproducible in reac- 
tions starting with the same copy number. This greatly 
improves the precision of DNA quantification. Moreover, 
real-time PCR does not require post-PCR sample handling, 
thereby preventing potential PCR-product carry-over con- 
tamination; it possesses a wide dynamic range of quantifica- 
tion and results in much faster and higher sample throughput. 
The real-time PCR method, was used to develop and validate 
a simple and rapid assay for the detection and quantification 
of the 3 most frequently amplified genes (myc, ccndl and 
erbB2) in breast tumors. Extra copies of myc, ccndl and erbB2 
were observed in 10, 23 and 15%, respectively, of 108 breast- 
tumor DNA; the largest observed numbers of gene copies 
were 4.6, 18.6 and 15.1, respectively. These results correlated 
well with those of Southern blotting. The use of this new 
semi-automated technique will make molecular analysis of 
human cancers simpler and more reliable, and should find 
broad applications in clinical and research settings, fnt J. 
Cancer 78:661-666, 1998. 
© 1998 Wiley-Liss, Inc. 

Gene amplification plays an important role in the pathogenesis 
of various solid tumors, including breast cancer, probably because 
over-expression of the amplified target genes confers a selective 
advantage. The first technique used to detect genomic amplification 
was cytogenetic analysis. Amplification of several chromosome 
regions, visualized either as extrachromosomal double minutes 
(dmins) or as integrated homogeneously staining regions (HSRs), 
are among the main visible cytogenetic abnormalities in breast 
tumors. Other techniques such as comparative genomic hybridiza- 
tion (CGH) (Kallioniemi et at., 1994) have also been used in broad 
searches for regions of increased DNA copy numbers in tumor 
cells, and have revealed some 20 amplified chromosome regions in 
breast tumors. Positional cloning efforts are underway to identify 
the critical gene(s) in each amplified region. To date, genes known 
to be amplified frequently in breast cancers include myc (8q24), 
ccnd\ ( 1 Iq 1 3), and erbB2 ( 1 7q 1 2-q2 1 ) (for review, see Bieche and 
Lidereau, 1995). 

Amplification of the myc, ccndl, and erbB2 proto-oncogenes 
should have clinical relevance in breast cancer, since independent 
studies have shown that these alterations can be used to identify 
sub-populations with a worse prognosis (Berns et ai, 1992; 
Schuuring et ai, 1992; Samon et ai, 1987). Muss et al. (1994) 
. suggested that these gene alterations may also be useful for the 
prediction and assessment of the efficacy of adjuvant chemotherapy 
and hormone therapy. 

However, published results diverge both in terms of the fre- 
quency of these alterations and their clinical value. For instance, 
over 500 studies in 10 years have failed to resolve the controversy 



surrounding the link suggested by Slamon et al (1987) between 
erbB2 amplification and disease progression. These discrepancies 
are partly due to the clinical, histological and ethnic heterogeneity 
of breast cancer, but technical considerations are also probably 
involved. 

Specific genes (DNA) were initially quantified in tumor cells by 
means of blotting procedures such as Southern and slot blotting. 
These batch techniques require large amounts of DNA (5-10 
pg/reaction) to yield reliable quantitative results. Furthermore, 
meticulous care is required at all stages of the procedures to 
generate blots of sufficient quality for reliable dosage analysis. 
Recently, PCR has proven to be a powerful tool for quantitative 
DNA analysis, especially with minimal starting quantities of tumor 
samples (small, early-stage tumors and formalin-fixed, paraffin- 
embedded tissues). 

Quantitative PCR can be performed by evaluating the amount of 
product either after a given number of cycles (end-point quantita- 
tive PCR) or after a varying number of cycles during the 
exponential phase (kinetic quantitative PCR). In the first case, an 
internal standard distinct from the target molecule is required to 
ascertain PCR efficiency. The method is relatively easy but implies 
generating, quantifying and storing an internal standard for each 
gene studied. Nevertheless, it is the most frequently applied 
method to date. 

One of the major advantages of the kinetic method is its rapidity 
in quantifying a new gene, since no internal standard is required (an 
external standard curve is sufficient). Moreover, the kinetic method 
has a wide dynamic range (at least 5 orders of magnitude), giving 
an accurate value for samples differing in their copy number. 
Unfortunately, the method is cumbersome and has therefore been 
rarely used. It involves aliquot sampling of each assay mix at 
regular intervals and quantifying, for each aliquot, the amplifica- 
tion product. Interest in the kinetic method has been stimulated by a 
novel approach using fluorescent TaqMan methodology and a new 
instrument (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real time (Gibson et ai, 1996; Heid et 
ai. 1996). The TaqMan reaction is based on the 5' nuclease assay 
first described by Holland et ai (1991). The latter uses the 5' 
nuclease activity of Taq polymerase to cleave a specific fluorogenic 
oligonucleotide probe during the extension phase of PCR. The 
approach uses dual -labeled fluorogenic hybridization probes (Lee 
et ai, 1993). One fluorescent dye, co-valently linked to the 5' end 
of the oligonucleotide, serves as a reporter [FAM (i.e., 6-carboxy- 
fluorescein)] and its emission spectrum is quenched by a second 
fluorescent dye, TAMRA (i.e., 6-carboxy-tetramethyl-rhodamine) 
attached to the 3' end. During the extension phase of the PCR 
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cycle, the fluorescent hybridization probe is hydrolyzed by the 
5'-3' nucleolytic activity of DNA polymerase. Nuclease degrada- 
tion of the probe releases the quenching of FAM fluorescence 
emission, resulting in an increase in peak fluorescence emission. 
The fluorescence signal is normalized by dividing the emission 
intensity of the reporter dye (FAM) by the emission intensity of a 
reference dye (i.e., ROX, 6-carboxy-X-rhodamine) included in 
TaqMan buffer, to obtain a ratio defined as the Rn (normalized 
reporter) for a given reaction tube. The use of a sequence detector 
enables the fluorescence spectra of all 96 wells of the thermal 
cycler to be measured continuously during PCR amplification. 

The real-time PCR method offers several advantages over other 
current quantitative PCR methods (Celi et ai. 1994): (i) the 
probe-based homogeneous assay provides a real-time method for 
detecting only specific amplification products, since specific hybri- 
dation of both the primers and the probe is necessary to generate a 
signal; (ii) the C, (threshold cycle) value used for quantification is 
measured when PCR amplification is still in the log phase of PCR 
product accumulation. This is the main reason why C, is a more 
reliable measure of the starting copy number than are end-point 
measurements, in which a slight difference in a limiting component 
can have a drastic effect on the amount of product; (Hi) use of Q 
values gives a wider dynamic range (at least 5 orders of magni- 
tude), reducing the need for serial dilution; (iv) The real-time PCR 
method is run in a closed-tube system and requires no post-PCR 
sample handling, thus avoiding potential contamination; (v) the 
system is highly automated, since the instrument continuously 
measures fluorescence in all 96 wells of the thermal cycler during 
PCR amplification and the corresponding software processes, and 
analyzes the fluorescence data; (vi) the assay is rapid, as results are 
available just one minute after thermal cycling is complete; (vii) the 
sample throughput of the method is high, since 96 reactions can be 
analyzed in 2 nr. 

Here, we applied this semi -automated procedure to determine 
the copy numbers of the 3 most frequently amplified genes in breast 
tumors (myc, ccndl and erbB2), as well as 2 genes (alb and app) 
located in a chromosome region in which no genetic changes have 
been observed in breast tumors. The results for 108 breast tumors 
were compared with previous Southern-blot data for the same 
samples. 

MATERIAL AND METHODS 
Tumor and blood samples 

Samples were obtained from 1 08 primary breast tumors removed 
surgically from patients at the Centre Rene Huguenin; none of the 
patients had undergone radiotherapy or chemotherapy. Immedi- 
ately after surgery, the tumor samples were placed in liquid 
nitrogen until extraction of high-molecular-weight DNA. Patients 
were included in this study if the tumor sample used for DNA 
preparation contained more than 60% of tumor cells (histological 
analysis). A blood sample was also taken from 1 8 of the same 
patients. 

DNA was extracted from tumor tissue and blood leukocytes 
according to standard methods. 

Real-time PCR 

Theoretical basis. Reactions are characterized by the point 
during cycling when amplification of the PCR product is first 
detected, rather than by the amount of PCR product accumulated 
after a fixed number of cycles. The higher the starting copy number 
of the genomic DNA target, the earlier a significant increase in 
fluorescence is observed The parameter C t (threshold cycle) is 
defined as the fractional cycle number at which the fluorescence 
generated by cleavage of the probe passes a fixed threshold above 
baseline. The target gene copy number in unknown samples is 
quantified by measuring Q and by using a standard curve to 
determine the starting copy number. The precise amount of 
genomic DNA (based on optical density) and its quality (i.e., lack 



of extensive degradation) are both difficult to assess. We therefore 
also quantified a control gene (alb) mapping to chromosome region 
4qll-ql3. in which no genetic alterations have been found in 
breast-tumor DNA by means of CGH (Kallioniemi et ai, 1 994). 

Thus, the ratio of the copy number of the target gene to the copy 
number of the alb gene normalizes the amount and quality of 
genomic DNA. The ratio defining the level of amplification is 
termed 41 N", and is determined as follows: 

copy number of target gene (app, myc, ccndl, erbB2) 

N — s ■ — . 

copy number of reference gene (alb) 

Primers, probes, reference human genomic DNA and PCR 
consumables. Primers and probes were chosen with the assistance 
of the computer programs Oligo 4.0 (National Biosciences, Ply- 
mouth, MN), EuGene (Daniben Systems, Cincinnati, OH) and Primer 
Express (Perkin-Elmer Applied Biosystems, Foster City, CA). 

Primers were purchased from DN Agency (Malvern, PA) and 
probes from Perkin-Elmer Applied Biosystems. 

Nucleotide sequences for the oligonucleotide hybridization 
probes and primers are available on request 

The TaqMan PCR Core reagent kit, MicroAmp optical tubes, 
and MicroAmp caps were from Perkin-Elmer Applied Biosystems. 

Standard-curve construction. The kinetic method requires a 
standard curve. The latter was constructed with serial dilutions of 
specific PCR products, according to Piatak et ai (1993). In 
practice, each specific PCR product was obtained by amplifying 20 
ng of a standard human genomic DNA (Boehringer, Mannheim, 
Germany) with the same primer pairs as those used later for 
real -time quantitative PCR. The 5 PCR products were purified 
using MicroSpin S-400 HR columns (Pharmacia, Uppsala, Swe- 
den) electrophorezed through an acrylamide gel and stained with 
ethidium bromide to check their quality. The PCR products were 
then quantified spectrophotometrically and pooled, and serially 
diluted 10-fold in mouse genomic DNA (Clontech, Palo Alto, CA) 
at a constant concentration of 2 ng/ul. The standard curve used for 
real-time quantitative PCR was based on serial dilutions of the pool 
of PCR products ranging from 10" 7 (10 5 copies of each gene) to 
iQ-io (|02 copies). This series of diluted PCR products was 
aJiquoted and stored at -80°C until use. 

The standard curve was validated by analyzing 2 known 
quantities of calibrator human genomic DNA (20 ng and 50 hg). 

PCR amplification. Amplification mixes (50 pi) contained the 
sample DNA (around 20 ng, around 6600 copies of disomic genes), 
10X TaqMan buffer (5 ul), 200 uM dATP, dCTP, dGTP, and 400 
uM dUTP, 5 mM MgCl 2 , 1.25 units of AmpliTaq Gold, 0.5 units of 
AmpErase uracil N-glycosylase (UNG), 200 nM each primer and 
100 nM probe. The thermal cycling conditions comprised 2 min at 
50°C and 1 0 min at 95°C. Thermal cycling consisted of 40 cycles at 
95°C for 15 s and 65°C for 1 min. Each assay included: a standard 
curve (from 10 5 to 10 2 copies) in duplicate, a no-template control, 
20 ng and 50 ng of calibrator human genomic DNA (Boehringer) in 
triplicate, and about 20 ng of unknown genomic DNA in triplicate 
(26 samples can thus be analyzed on a 96- well microplate). AH 
samples with a coefficient of variation (CV) higher than 10% were 
retested. 

All reactions were performed in the ABI Prism 7700 Sequence 
Detection System (Perkin-Elmer Applied Biosystems), which 
detects the signal from the fluorogenic probe during PCR. 

Equipment for real-time detection. The 7700 system has a 
built-in thermal cycler and a laser directed via fiber optical cables 
to each of the 96 sample wells. A charge-coupled-device (CDD) 
camera collects the emission from each sample and the data are 
analyzed automatically. The software accompanying the 7700 
system calculates C, and determines the starting copy number in the 
samples. 
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Determination of gene amplification. Gene amplification was 
calculated as described above. Only samples with an N value 
higher than 2 were considered to be amplified. 

RESULTS 

To validate the method, real-time PCR was performed on 
genomic DNA extracted from 108 primary breast tumors, and 18 
normal leukocyte DNA samples from some of the same patients. 
The target genes were the myc, ccndl and erbB2 proto-oncogenes, 
and the p-amyloid precursor protein gene (app), which maps to a 
chromosome region (21q2L2) in which no genetic alterations have 
been found in breast tumors (Kallioniemi et ai, 1994). The 
reference disomic gene was the albumin gene {alb, chromosome 
4qll-ql3). 



Validation of the standard curve and dynamic range 
of real-time PCR 

The standard curve was constructed from PCR products serially 
diluted in genomic mouse DNA at a constant concentration of 
2 ng/ul It should be noted that the 5 primer pairs chosen to analyze 
the 5 target genes do not amplify genomic mouse DNA (data not 
shown). Figure 1 shows the real-time PCR standard curve for the 
alb gene. The dynamic range was wide (at least 4 orders of 
magnitude), with samples containing as few as 10 2 copies or as 
many as !0 5 copies. 

Copy-number ratio of the 2 reference genes (app and alb) 

The app to alb copy-number ratio was determined in 18 normal 
leukocyte DNA samples and all 108 primary breast-tumor DNA 
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samples. We selected these 2 genes because they are located in 2 
chromosome regions {app. 2lq2L2; alb. 4qll-ql3) in which no 
obvious genetic changes (including gains or losses) have been 
observed in breast cancers (Kallioniemi et al., 1994). The ratio for 
the 18 normal leukocyte DNA samples fell between 0.7 and 1.3 
(mean 1.02 ± 0.21), and was similar for the 108 primary breast- 
tumor DNA samples (0.6 to 1.6, mean 1.06 ± 0.25), confirming 
that alb and app are appropriate reference disomic genes for 
breast-tumor DNA. The low range of the ratios also confirmed that 
the nucleotide sequences chosen for the primers and probes were 
not polymorphic, as mismatches of their primers or probes with the 
subject's DNA would have resulted in differential amplification. 

myc, ccndl and erbflj? gene dose in normal leukocyte DNA 

To determine the cut-off point for gene amplification in breast- 
cancer tissue, 18 normal leukocyte DNA samples were tested for 
the gene dose (N), calculated as described in "Material and 
Methods". The N value of these samples ranged from 0.5 to 1.3 
(mean 0.84 ± 0.22) for myc: 0.7 to 1.6 (mean 1.06 ± 0.23) for 
ccndl and 0.6 to 1.3 (mean 0.91 ±0.19) for erbBl. Since N values 
for myc, ccndl and erbBl in normal leukocyte DNA consistently 
fell between 0.5 and 1.6, values of 2 or more were considered to 
represent gene amplification in tumor DNA. 

myc, ccndl and erb52 gene dose in breast-tumor DNA 

myc, ccndl and erbBl gene copy numbers in the 108 primary 
breast tumors are reported in Table I. Extra copies of ccndl were 
more frequent (23%, 25/108) than extra copies of erbBl (15%, 
16/108) and myc (10%, 11/108), and ranged from 2 to 18.6 for 
ccndl, 2 to 15.1 for erbBl, and only 2 to 4.6 for the myc gene. 
Figure 2 and Table II represent tumors in which the ccndl gene was 
amplified 16-fold (T145), 6-fold (T133) and non-amplified (TU8). 
The 3 genes were never found to be co-amplified in the same tumor. 
erbBl and ccndl were co-amplified in only 3 cases, myc and ccndl 
in 2 cases and myc and erbBl in 1 case. This favors the hypothesis 
that gene amplifications are independent events in breast cancer. 
Interestingly, 5 tumors showed a decrease of at least 50% in the 
erbBl copy number (N < 0.5), suggesting that they bore deletions 
of the 17q2I region (the site of erbBl). No such decrease in copy 
number was observed with the other 2 proto-oncogenes. 

. Comparison of gene dose determined by real-time quantitative 
PCR and Southern-blot analysis 

Southern-blot analysis of myc, ccndl and erbBl amplifications 
had previously been done on the same 1 08 primary breast tumors. A 
perfect correlation between the results of real-time PCR and 
Southern blot was obtained for tumors with high copy numbers 
(N > 5). However, there were cases (1 myc, 6 ccndl and 4 erbBl) 
in which real-time PCR showed gene amplification whereas 
Southern-blot did not, but these were mainly cases with low extra 
copy numbers (N from 2 to 2.9). 

DISCUSSION 

The clinical applications of gene amplification assays are 
currently limited, but would certainly increase if a simple, standard- 
ized and rapid method were perfected. Gene amplification status 
has been studied mainly by means of Southern blotting, but this 
method is not sensitive enough to detect low-level gene amplifica- 
tion nor accurate enough to quantify the full range of amplification 
values. Southern blotting is also iime-consuming, uses radioactive 



TABLE I - DISTRIBUTION OF AMPLIFICATION LEVEL (N) FOR myc. 
ccndl AND erbBl GENES IN 108 HUMAN BREAST TUMORS 



Gene 




Amplification level (N) 




<0.5 


0.5-1.9 2-4.9 


2:5 


myc 

ccndl 

erbBl 


0 
0 

5 (4.6%) 


97(89.8%) 11 (10.2%) 
83(76.9%) 17(15.7%) 
87(80.6%) 8(7.4%) 


0 

8 (7.4%) 
8 (7.4%) 



reagents and requires relatively large amounts of high-quality 
genomic DNA, which means it cannot be used routinely in many 
laboratories. An amplification step is therefore required to deter- 
mine the copy number of a given target gene from minimal 
quantities of tumor DNA (small early-stage tumors, cytopuncture 
specimens or formalin-fixed, paraffin-embedded tissues). 

In this study, we validated a PCR method developed for the 
quantification of gene over-representation in rumors. The method, 
based on real-time analysis of PCR amplification, has several 
advantages over other PCR-based quantitative assays such as 
competitive quantitative PCR (Celi et al, 1 994). First, the real-time 
PCR method is performed in a closed -tube system, avoiding the 
risk of contamination by amplified products. Re-amplification of 
carryover PCR products in subsequent experiments can also be 
prevented by using the enzyme uracil N-glycosylase (UNG) 
(Longo et al, 1990). The second advantage is the simplicity and 
rapidity of sample analysis, since no post-PCR manipulations are 
required. Our results show that the automated method is reliable. 
We found it possible to determine, in triplicate, the number of 
copies of a target gene in more than 1 00 tumors per day. Third, the 
system has a linear dynamic range of at least 4 orders of magnitude, 
meaning that samples do not have to contain equal starting amounts 
of DNA. This technique should therefore be suitable for analyzing 
formalin-fixed, paraffin-embedded tissues. Fourth, and above all, 
real-time PCR makes DNA quantification much more precise and 
reproducible, since it is based on C, values rather than end-point 
measurement of the amount of accumulated PCR product. Indeed, 
the ABI Prism 7700 Sequence Detection System enables Q to be 
calculated when PCR amplification is still in the exponential phase 
and when none of the reaction components is rate-limiting. The 
within-run CV of the Q value for calibrator human DNA (5 
replicates) was always below 5%, and the between-assay precision 
in 5 different runs was always below 10% (data not shown). In 
addition, the use of a standard curve is not absolutely necessary, 
since the copy number can be determined simply by comparing the 
C, ratio of the target gene with that of reference genes. The results 
obtained by the 2 methods (with and without a standard curve) are 
similar in our experiments (data not shown). Moreover, unlike 
competitive quantitative PCR, real-time PCR does not require an 
internal control (the design and storage of internal controls and the 
validation of their amplification efficiency is laborious). 

The only potential disavantage of real-time PCR, like all other 
PCR-based methods and solid-matrix blotting techniques (South- 
ern blots and dot blots) is that is cannot avoid dilution artifacts 
inherent in the extraction of DNA from tumor cells contained in 
heterogeneous tissue specimens. Only FISH and immunohistochem- 
istry can measure alterations on a cell-by-cell basis (Pauletti et al.. 
1996; Slamon et al., 1989). However, FISH requires expensive 
equipment and trained personnel and is also time-consuming. 
Moreover, FISH does not assess gene expression and therefore 
cannot detect cases in which the gene product is over-expressed in 
the absence of gene amplification, which will be possible in the 
future by real-time quantitative RT-PCR. Immunohistochemistry is 
subject to considerable variations in the hands of different teams, 
owing to alterations of target proteins during the procedure, the 
different primary antibodies and fixation methods used and the 
criteria used to define positive staining. 

The results of this study are in agreement with those reported in 
the literature, (i) Chromosome regions 4qll-ql3 and 21q21.2 
(which bear alb and app, respectively) showed no genetic alter- 
ations in the breast-cancer samples studied here, in keeping with 
the results of CGH (Kallioniemi et al. 1994). (//) We found that 
amplifications of these 3 oncogenes were independent events, as 
reported by other teams (Bems et al., 1992; Borg et al, 1992). (Hi) 
The frequency and degree of myc amplification in our breast tumor 
DNA series were lower than those of ccndl and erbBl amplifica- 
tion, confirming the findings of Borg et al. ( 1 992) and Courjal et al. 
(1997). (iv) The maxima of ccndl and erbBl over-representation 
were 18-fold and 15-fold, also in keeping with earlier results (about 
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ALB 

Cf Copy number 

26.5 4365 
25.2 10092 

25.6 7762 

Figure 2 - ccndl and alb gene dosage by real-time PCR in 3 breast tumor samples: Tl 1 8 (E 1 2, C6, black squares), Tl 33 (G 1 1 , B4, red squares) 
andT145 (A8, C8, blue squares). Given the C, of each sample, the initial copy number is inferred from the standard curve obtained during the same 
experiment Triplicate plots were performed for each tumor sample, but the data for only one are shown here. The results are shown in Table 11. 

30-fold maximum) (Bemse/fl/., 1992; Borge/a/., 1992; Courjale/ et ai, 1996). Our results also correlate well with those recently 

al, 1997). (v) The erbB2 copy numbers obtained with real-time published by Gelmini et ai (1997), who used the TaqMan system to 

PCR were in good agreement with data obtained with other measure erbB2 amplification in a small series of breast tumors 

quantitative PCR-based assays in terms of the frequency and (n = 25), but with an instrument (LS-50B luminescence spectrom- 

degree of amplification (An et ai. 1995; Deng et ai. 1996; Valeron eter, Perkin-Elmer Applied Biosystems) which only allows end- 



CCND1 

Tumor C t Copy number 
T118 27.3 4605 
T133 23.2 61659 
T145 22.1 125892 
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TABLE II - EXAMPLES OF ccndl GENE DOSAGE RESULTS 
FROM 3 BREAST TUMORS' 



Tumor 




ccndl 






alb 




Uccndl/aJb 


Copy 
number 


Mean 


SD 


Copy 
number 


Mean 


SD 


Til 8 


4525 






4223 










4605 


4603 


77 


4365 


4325 


89 


1.06 




4678 






4387 








T133 


59821 






9787 










61659 


61100 


1111 


10092 


10137 


375 


6.03 




61821 






10533 








T145 


128563 






7321 










125892 


125392 


3448 


7762 


7672 


316 


16.34 




121722 






7933 









'For each sample, 3 replicate experiments were performed and the mean 
and the standard deviation (SD) was determined The level of ccndl gene 
amplification (Hccndllalb) is determined by dividing the average ccndl 
copy namber value by the average alb copy number value. 



point measurement of fluorescence intensity. Here we report myc 
and ccndl gene dosage in breast cancer by means of quantitative 
PCR- (vi) We found a high degree of concordance between 
real-time quantitative PGR and Southern blot analysis in terms of 
gene amplification, especially for samples with high copy numbers 
(>5-foldj. The slightly higher frequency of gene amplification 
(especially ccndl and erb&2) observed by means of real-time 
quantitative PCR as compared with Southern-blot analysis may be 
explained by the higher sensitivity of the former method. However, 
we cannot rule out the possibility that some tumors with a few extra 



gene copies observed in real-time PCR had additional copies of an 
arm or a whole chromosome (trisomy, tetrasomy or polysomy) 
rather than true gene amplification. These 2 types of genetic 
alteration (polysomy and gene amplification) could be easily 
distinguished in the future by using an additional probe located on 
the same chromosome arm, but some distance from the target gene. 
It is noteworthy that high gene copy numbers have the greatest 
prognostic significance in breast carcinoma (Borg et ai, 1992; 
Slamon e/ a/., 1987). 

Finally, this technique can be applied to the detection of gene 
deletion as well as gene amplification. Indeed, we found a 
decreased copy number of erbBl (but not of the other 2 proto- 
oncogenes) in several tumors; erbB2 is located in a chromosome 
region (17q2I) reported to contain both deletions and amplifica- 
tions in breast cancer (Bieche and Lidereau, 1 995). . 

In conclusion, gene amplification in various cancers can be used 
as a marker of pre -neoplasia, also for early diagnosis of cancer, 
staging, prognostication and choice of treatment. Southern blotting 
is not sufficiently sensitive, and FISH is lengthy and complex. 
Real-time quantitative PCR overcomes both these limitations, and 
is a sensitive and accurate method of analyzing large numbers of 
samples in a short time. It should find a place in routine clinical 
gene dosage. 
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30. Chamow, S., Kogan, T., Venuti, M., Gadek, T., Peers, D., Mordenti, J., Shak, S., 
and Ashkenazi, A. Modification of CD4 immunoadhesin with monomethoxy- 
PEG aldehyde via reductive alkilation. Bioconj. Chem. 5, 133-140 (1994). 

3 1 . Jin, H., Yang, R, Marsters, S., Bunting, S., Wurm, F., Chamow, S., and 
Ashkenazi A. Protection against rat endotoxic shock by p55 tumor necrosis factor 
(TNF) receptor immunoadhesin: comparison to anti-TNF monoclonal antibody. J. 
Infect. Diseases 170, 1323-1326 (1994). 

32. Beck, J., Marsters, S., Harris, R., Ashkenazi. A. , and Chamow, S. Generation of 
soluble interleukin-1 receptor from an immunoadhesin by specific cleavage. Mol. 
Immunol. 31, ■ 1335-1344(1994). 

33. Pitti, B., Marsters, M., Haak-Frendscho, M., Osaka, G., Mordenti, J., Chamow, S., 
and Ashkenazi. A. Molecular and biological properties of an interleukin- 1 
receptor immunoadhesin. Mol. Immunol. 31, 1345-1351 (1994). 

34. Oksenberg, D., Havlik, S., Peroutka, S., and Ashkenazi, A. The third intracellular 
loop of the 5-HT2 receptor specifies effector coupling. J. Neurochem. 64, 1440- 
1447(1995). 

35. Bach, E., Szabo, S., Dighe, A., Ashkenazi, A., Aguet, M., Murphy, K., and 
Schreiber, R. Ligand-induced autoregulation of IFN-y receptor p chain expression 
in T helper cell subsets. Science 270, 1215-1218 (1995). 

36. Jin, H., Yang, R., Marsters, S., Ashkenazi, A., Bunting, S., Marra, M., Scott, R., 
and Baker, J. Protection against endotoxic shock by bactericidal/permeability- 
increasing protein in rats. /. Clin. Invest. 95, 1947-1952 (1995). 

37. Marsters, S., Penica, D., Bach, E., Schreiber, R., and Ashkenazi, A. Interferon y 
signals via a high-affinity multisubunit receptor complex that contains two types 
of polypeptide chain. Proc. Natl. Acad. Sci. USA. 92, 5401-5405 (1995). 

38. Van Zee, K., Moldawer, L., Oldenburg, H., Thompson, W., Stackpole, S., 
Montegut, W., Rogy, M., Meschter, C, Gallati, H., Schiller, C, Richter, W., 
Loetcher, H., Ashkenazi, A ., Chamow, S., Wurm, F., Calvano, S., Lowry, S., and 
Lesslauer, W. Protection against lethal E. coli bacteremia in baboons by 
pretreatment with a 55-kDa TNF receptor-Ig fusion protein, Ro45-2081. J. 
Immunol. 156,2221-2230 (1996). 

39. Pitti, R, Marsters, S., Ruppert, S., Donahue, C, Moore, A., and Ashkenazi, A. 
Induction of apoptosis by Apo-2 Ligand, a new member of the tumor necrosis 
factor cytokine family. Biol. Chem. 271, 12687-12690 (1996). 
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40. Marsters, S., Pitti, R, Donahue, C, Rupert, S., Bauer, K., and Ashkenazi. A . 
Activation of apoptosis by Apo-2 ligand is independent of FADD but blocked by 
CrmA. Curr. Biol. 6, 1 669- 1 676 ( 1 996). 

41. Marsters, S., Skubatch, M., Gray, C, and Ashkenazi, A . Herpesvirus entry 
mediator, a novel member of the tumor necrosis factor receptor family, activates 
the NF-kB and AP-1 transcription factors. J. Biol. Chem. 272, 14029-14032 
(1997). 

42. Sheridan, J., Marsters, S., Pitti, R, Gumey, A., Skubatch, M., Baldwin, D., 
Ramakrishnan, L., Gray, C, Baker, K., Wood, W.I., Goddard, A., Godowski, P., and 
Ashkenazi. A. Control of TRAIL-induced apoptosis by a family of signaling and 
decoy receptors. Science 277, 818-821 (1997). 

43. Marsters, S., Sheridan, J., Pitti, R, Gumey, A., Skubatch, M., Balswin, D., Huang, A., 
Yuan, J., Goddard, A., Godowski, P., and Ashkenazi. A. A novel receptor for 
Apo2L/TRAIL contains a truncated death domain. Curr. Biol. 7, 1003-1006 (1997). 

44. Marsters, A., Sheridan, J., Pitti, R, Brush, J., Goddard, A., and Ashkenazi. A. 
Identification of a ligand for the death-domain-containing receptor Apo3. Curr. Biol. 
8,525-528 (1998). 

45. Rieger, J., Naumann, U., Glaser, Ashkenazi. A ., and Weller, M. Apo2 ligand: 
a novel weapon against malignant glioma? FEBS Lett. 427, 124-128 (1998). 

46. Pender, S., Fell, J., Chamow, S., Ashkenazi, A ., and MacDonald, T. A p55 TNF 
receptor immunoadhesin prevents T cell mediated intestinal injury by inhibiting 
matrix metalloproteinase production. J. Immunol. 160, 4098-4103 (1998). 

47. Pitti, R, Marsters, S., Lawrence, D., Roy, Kischkel, F., M., Dowd, P., Huang, A., 
Donahue, C, Sherwood, S., Baldwin, D., Godowski, P., Wood, W., Gumey, A., 
Hillan, K., Cohen, R, Goddard, A., Botstein, D., and Ashkenazi. A. Genomic 
amplification of a decoy receptor for Fas ligand in lung and colon cancer. Nature 
396, 699-703 (1998). 

48. Mori, S., Marakami-Mori, K., Nakamura, S., Ashkenazi. A ., and Bonavida, B. 
Sensitization of ADDS Kaposi's sarcoma cells to Apo-2 ligand-induced apoptosis 
by actinomycin D. J. Immunol. 162, 5616-5623 (1999). 

49. Gumey, A. Marsters, S., Huang, A., Pitti, R, Mark, M., Baldwin, D., Gray, A., 
Dowd, P., Brush, J., Heldens, S., Schow, P., Goddard, A., Wood, W., Baker, K., 
Godowski, P., and Ashkenazi. A. Identification of a new member of the tumor 
necrosis factor family and its receptor, a human ortholog of mouse GITR. Curr. 
Biol. 9, 215-218 (1999). 
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50. AshkenazLA., Pai, R., Fong, s., Leung, S., Lawrence, D., Marsters, S., Blackie, 
C, Chang, L., McMurtrey, A., Hebert, A., DeForge, L., Khoumenis, L, Lewis, D., 
Harris, L., Bussiere, J., Koeppen, H., Shahrokh, Z., and Schwall, R. Safety and 
anti-tumor activity of recombinant soluble Apo2 ligand. J. Clin. Invest. 104, 155- 
162 (1999). 

51. Chuntharapai, A., Gibbs, V., Lu, J., Ow, A., Marsters, S., Ashkenazi, A., De Vos, 
A., Kim, K.J. Determination of residues involved in ligand binding and signal 
transmission in the human EFN-ot receptor 2. J. Immunol. 163, 766-773 (1999). 

52. Johnsen, A.-C, Haux, J., Steinkjer, B., Nonstad, U., Egeberg, K., Sundan, A., 
Ashkenazi, A. , and Espevik, T. Regulation of Apo2L/TRAIL expression in NK 
cells - involvement in NK cell-mediated cytotoxicity. Cytokine 11, 664-672 
(1999). 

53. Roth, W., Isenmann, S., Naumann, U., Kugler, S., Bahr, M., Dichgans, 
Ashkenazi, A. , and Weller, M. Eradication of intracranial human malignant 
glioma xenografts by Apo2L/TRAIL. Biochem. Biophys. Res. Commun. 265, 479- 
483 (1999). 

54. Hymowitz, S.G., Christinger, H.W., Fuh, G., Ultsch, M., O'Connell, M., Kelley, 
R.F., Ashkenazi, A. and de Vos, A.M. Triggering Cell Death: The Crystal 
Structure of Apo2L/TRAIL in a Complex with Death Receptor 5. Molec. Cell 4, 
563-571 (1999). 

55. Hymowitz, S.G., O'Connel, M.P., Utsch, M.H., Hurst, A., Totpal, K., Ashkenazi, 
A., de Vos, A.M., Kelley, R.F. A unique zinc-binding site revealed by a high- 
resolution X-ray structure of homotrimeric Apo2L/TRAIL. Biochemistry 39, 633- 
640(2000). 

56. Zhou, Q., Fukushima, P., DeGraff, W., Mitchell, J.B., Stetler-Stevenson, M, 
Ashkenazi, A., and Steeg, P.S. Radiation and the Apo2L/TRAIL apoptotic 
pathway preferentially inhibit the colonization of premalignant human breast 
cancer cells overexpressing cyclin D 1 . Cancer Res. 60, 2611-2615 (2000). 

57. Kischkel, F.C., Lawrence, D. A., Chuntharapai, A., Schow, P., Kim, J., and 
Ashkenazi, A. Apo2L/TRAEL-dependent recruitment of endogenous FADD and 
Caspase-8 to death receptors 4 and 5. Immunity 12, 61 1-620 (2000). 

58. Yan, M., Marsters, S.A., Grewal, I.S., Wang, H., * Ashkenazi, A. , and *Dixit, 
V.M. Identification of a receptor for BlyS demonstrates a crucial role in humoral 

; immunity. Nature Immunol. 1,37-41 (2000). 
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59. Marsters, S.A., Yan, M, Pitti, R.M., Haas, P.E., Dixit, V.M., and Ashkenazi. A. 
Interaction of the TNF homologues BLyS and APPJL with the TNF receptor 
homologues BCMA and TACI. Curr. Biol. 10, 785-788 (2000). 

60. Kischkel, F.C., and Ashkenazi, A . Combining enhanced metabolic labeling with 
immunob lotting to detect interactions of endogenous cellular proteins. 
Biotechniques 29, 506-5 1 2 (2000). 

61. Lawrence, D., Shahrokh, Z., Marsters, S., Achilles, K., Shih, D. Mounho, B., 
Hillan, K., Totpal, K. DeForge, L., Schow, P., Hooley, J., Sherwood, S., Pai, R, 
Leung, S., Khan, L., Gliniak, B., Bussiere, J., Smith, C, Strom, S., Keiley, S., 
Fox, J., Thomas, D., and Ashkenazi, A. Differential hepatocyte toxicity of 
recombinant Apo2L/TRAIL versions. Nature Med. 7, 383-385 (2001). 

62. Chuntharapai, A., Dodge, K., Grimmer, K., Schroeder, K., Martsters, S.A., 
Koeppen, H., Ashkenazi, A ., and Kim, KJ. Isotype-dependent inhibition of 
tumor growth in vivo by monoclonal antibodies to death receptor 4. /. Immunol. 
166,4891-4898(2001). 

63. Pollack, I.F., Erff, M., and Ashkenazi, A . Direct stimulation of apoptotic 
signaling by soluble Apo2L/tumor necrosis factor-related apoptosis-inducing 
ligand leads to selective killing of glioma cells. Clin. Cancer Res. 7, 1362-1369 
(2001). 

64. Wang, H., Marsters, S.A., Baker, T., Chan, B., Lee, W.P., Fu, L., Tumas, D., Yan, 
M., Dixit, V.M., * Ashkenazi, A ., and *Grewal, l.S. TACI-ligand interactions are 
required for T cell activation and collagen-induced arthritis in mice. Nature 
Immunol. 2, 632-637 (2001). 

65. Kischkel, F.C., Lawrence, D. A., Tinel, A., Virmani, A, Schow, P., Gazdar, A, 
Blenis, J., Amott, D., and Ashkenazi, A . Death receptor recruitment of 
endogenous caspase-10 and apoptosis initiation in the absence of caspase-8. /. 
Biol. Chem. 276, 46639-46646 (2001). 

66. LeBlanc, H., Lawrence, D.A., Varfolomeev, E., Totpal, K., Morlan, J., Schow, P., 
Fong, S,, Schwall, R., Sinicropi, D., and Ashkenazi. A Tumor cell resistance to 
death receptor induced apoptosis through mutational inactivation of the 
proapoptotitc Bcl-2 homolog Bax. Nature Med. 8, 274-281 (2002). 

67. Miller, K., Meng, G., Liu, J., Hurst, A, Hsei, V., Wong, W-L., Ekert, R., 
Lawrence, D., Sherwood, S., DeForge, L., Gaudreault., Keller, G., Sliwkowski, 
M., Ashkenazi, A ., and Presta, L. Design, Construction, and analyses of 
multivalent antibodies. J. Immunol. 170, 4854-4861 (2003). 
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68. Varfolomeev, E., Kischkel, F., Martin, F., Wanh, H., Lawrence, D., Olsson, C, 
Tom, L., Erickson, S., French, D., Schow, P., Grewal, I. and Ashkenazi, A. 
Immune system development in APRIL knockout mice. Submitted. 

Review articles: 

1 . Ashkenazi. A.. Peralta, E., Winslow, J., Ramachandran, J., and Capon, D., J . 
Functional role of muscarinic acetylcholine receptor subtype diversity. Cold 
Spring Harbor Symposium on Quantitative Biology. LIII, 263-272 (1988). 

2, Ashkenazi. A .. Peralta, E., Winslow, J., Ramachandran, J., and Capon, D. 
Functional diversity of muscarinic receptor subtypes in cellular signal 
transduction and growth. Trends Pharmacol. Sci. Dec Supplement, 12-21 (1989). 

3 Chamow, S., Duliege, A., Ammann, A., Kahn, J., Allen, D., Eichberg, J ., Bym, 
R, Capon, D., Ward, R, and Ashkenazi. A . CD4 immunoadhesins in anti-HTV 
therapy: new developments. Int. J. Cancer Supplement 7, 69-72 (1992). 

4. Ashkenazi. A ., Capon, and D. Ward, R. Immunoadhesins. Int. Rev. Immunol. 10, 
217-225 (1993). 

5. Ashkenazi. A ., and Peralta, E. Muscarinic Receptors. In Handbook of Receptors 
and Channels. (S. Peroutka, ed.), CRC Press, Boca Raton, Vol. I, p. 1-27, (1994). 

6. Krantz, S. B., Means, R. T., Jr., Lina, J., Marsters, S. A., and Ashkenazi, A. 
Inhibition of erythroid colony formation in vitro by gamma interferon. In 
Molecular Biology of Hematopoiesis (N. Abraham, R. Shadduck, A. Levine F. 
Takaku, eds.) Intercept Ltd. Paris, Vol. 3, p. 135-147 (1994). 

7. Ashkenazi; A . Cytokine neutralization as a potential therapeutic approach for 
SIRS and shock. /. Biotechnology in Healthcare 1, 197-206 (1994). 

8. Ashkenazi. A ., and Chamow, S. M. Immunoadhesins: an alternative to human 
monoclonal antibodies. Immunomethods: A companion to Methods in 
Enzimology 8, 104-115 (1995). 

9. Chamow, S., and Ashkenazi. A . hnmunoadhesins: Principles and Applications. 
■ Trends Biotech. 14, 52-60 (1996). 

10 Ashkenazi. A ., and Chamow, S. M. Immunoadhesins as research tools and 
therapeutic agents. Curr. Opin. Immunol. 9, 195-200 (1997). 

1 1 . Ashkenazi. A ., and Dixit, V. Death receptors: signaling and modulation. Science 
281,1305-1308(1998). 

12. Ashkenazi. A ., and Dixit, V. Apoptosis control by death and decoy receptors. 
Curr. Opin. Cell. Biol. 11, 255-260 (1999): 
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13. Ashkenazi, A . Chapters on Apo2L/TRAJL; DR4, DR5, DcRl, DcR2; and DcR3. 
Online Cytokine Handbook (www.apnet.com/cytokinereference/ ). 

14. Ashkenazi, A . Targeting death and decoy receptors of the tumor necrosis factor 
superfamily. Nature Rev. Cancer 2, 420-430 (2002). 

15. LeBlanc, H. and Ashkenazi. A . Apoptosis signaling by Apo2IVTRAIL. Cell Death 
and Differentiation 10, 66-1 '5 (2003). 

16. Almasan, A. and Ashkenazi. A . Apo2L/TRAIL: apoptosis signaling, biology, and 
potential for cancer therapy. Cytokine and Growth Factor Reviews 14, 337-348 
(2003). 

Book: 

Antibody Fusion Proteins (Chamow, S., and Ashkenazi. A ., eds., John Wiley and 
Sons Inc.) (1999). 

Talks: 

1. Resistance of primary HIV isolates to CD4 is independent of CD4-gpl20 binding 
affinity. UCSD Symposium, HIV Disease: Pathogenesis and Therapy. 
Greenelefe, FL, March 1991. 

2. Use of immuno-hybrids to extend the half-life of receptors. IBC conference on 
Biopharmaceutical Halflife Extension. New Orleans, LA, June 1992. 

3. Results with TNF receptor Immunoadhesins for the Treatment of Sepsis. IBC 
conference on Endotoxemia and Sepsis. Philadelphia, PA, June 1992. 

4. Immunoadhesins: an alternative to human antibodies. BBC conference on 
Antibody Engineering. San Diego, CA, December 1993. 

5. Tumor necrosis factor receptor: a potential therapeutic for human septic shock. 
American Society for Microbiology Meeting, Atlanta, GA, May 1993. 

6. Protective efficiacy of TNF receptor immunoadhesin vs anti-TNF monoclonal 
antibody in a rat model for endotoxic shock. 5th International Congress on TNF. 
Asilomar, CA, May 1994. 

7. Interferon-Y signals via a multisubunit receptor complex that contains two types of 
polypeptide chain. American Association of Immunologists Conference. San 
Franciso, CA, July 1 995 . „ 

8. Immunoadhesins: Principles and Applications. Gordon Research Conference on 
Drug Delivery in Biology and Medicine. Ventura, CA, February 1996. 
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9 Apo-2 Ligand, a new member of the TNF family that induces apoptosis in tumor 
cells. Cambridge Symposium on TNF and Related Cytokines in Treatment of 
Cancer. HiltOn-Head, NC, March 1996. 

10. Induction of apoptosis by Apo2 Ligand. American Society for Biochemistry and 
Molecular Biology, Symposium on Growth Factors and Cytokine Receptors. New 
Orleans, LA, June, 1996. 

1 1 . Apo2 ligand, an extracellular trigger of apoptosis. 2nd Clontech Symposium, 
Palo Alto, CA, October 1996. 

12. Regulation of apoptosis by members of the TNF ligand and receptor families. 
Stanford University School of Medicine, Palo Alto, CA, December 1996. 

13. Apo-3 : anovel receptor that regulates cell death and inflammation. 4th 
International Congress on Immune Consequences of Trauma, Shock, and Sepsis. 
Munich, Germany, March 1997. 

14. New members of the TNF ligand and receptor families that regulate apoptosis, 
inflammation, and immunity. UCLA School of Medicine, LA, CA, March 1997. 

15. Immunoadhesins: an alternative to monoclonal antibodies. 5th World Conference 
on Bispecific Antibodies. Volendam, Holland, June 1997. 

1 6. Control of Apo2L signaling. Cold Spring Harbor Laboratory Symposium on 
Programmed Cell Death. Cold Spring Harbor, New York. September, 1997. 

17. Chairman and speaker, Apoptosis Signaling session. IBC's 4th Annual 
Conference on Apoptosis. San Diego, C A., October 1997. 

18. Control of Apo2L signaling by death and decoy receptors. American Association 
for the Advancement of Science. Philadelphia, PA, February 1998. 

19. Apo2 ligand and its receptors. American Society of Immunologists. San 
Francisco, CA, April 1998. 

20. Death receptors and ligands. 7th International TNF Congress. Cape Cod, MA, 

May 1998. 

21. Apo2L as a potential therapeutic for cancer. UCLA School of Medicine. LA, 
CA, June 1998. 

22. Apo2L as a potential therapeutic for cancer. Gordon Research Conference on 
Cancer Chemotherapy. New London, NH, July 1998. 

23 . Control of apoptosis by Apo2L. Endocrine Society Conference, Stevenson, WA, 
August 1998. 

24. Control of apoptosis by Apo2L. International Cytokine Society Conference, 
Jerusalem, Israel, October 1998. 
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25 . Apoptosis control by death and decoy receptors. American Association for 
Cancer Research Conference, Whistler, BC, Canada, March 1 999. 

26. Apoptosis control by death and decoy receptors. American Society for 
Biochemistry and Molecular Biology Conference, San Francisco, CA, May 1999. 

27. Apoptosis control by death and decoy receptors. Gordon Research Conference on 
Apoptosis, New London, NH, June 1999. , 

28. Apoptosis control by death and decoy receptors. Arthritis Foundation Research 
Conference, Alexandria GA, Aug 1999. 

29. Safety and anti-tumor activity of recombinant soluble Apo2L/TRAIL. Cold 
Spring Harbor Laboratory Symposium on Programmed Cell Death. . Cold Spring 
Harbor, NY, September 1999. 

30. The Apo2L/TRAIL system: therapeutic potential. American Association for 
Cancer Research, Lake Tahoe, NV, Feb 2000. 

3 1 . Apoptosis and cancer therapy. Stanford University School of Medicine, Stanford, 
CA, Mar 2000. 

32. Apoptosis and cancer therapy. University of Pennsylvania School of Medicine, 
Philadelphia, PA, Apr 2000. 

33. Apoptosis signaling by Apo2L/TRAIL. International Congress on TNF. 
Trondheim, Norway, May 2000. 

34. The Apo2L/TRAJL system: therapeutic potential. Cap-CURE summit meeting. 
Santa Monica, CA, June 2000. 

35. The Apo2L/TRATL system: therapeutic potential. MD Anderson Cancer Center. 
Houston, TX, June 2000. 

36. Apoptosis signaling by Apo2L/TRAJL. The Protein Society, 14 th Symposium. 
San Diego, CA, August 2000. 

37. Anti-tumor activity of Apo2L/TRAJL. AAPS annual meeting. Indianapolis, IN 

Aug 2000. 

38. Apoptosis signaling and anti-cancer potential of Apo2L/TRAJL. Cancer Research 
Institute, UC San Francisco, CA, September 2000. 

39. Apoptosis signaling by Apo2L/TRAIL. Kenote address, TNF family 
Minisymposium, NJH. Bethesda, MD, September 2000. 

40. Death receptors: signaling and modulation. Keystone symposium on the 
Molecular basis of cancer. Taos, NM, Jan 2001 . 

41. Preclinical studies of Apo2L/TRAJL in cancer. Symposium on Targeted therapies 
in the treatment of lung cancer. Aspen, CO, Jan 2001 . 



12 



42. Apoptosis signaling by Apo2L/TRAIL. Wiezmann Institute of Science, Rehovot, 
Israel, March 2001. 

43. Apo2L/TRAIL: Apoptosis signaling and potential for cancer therapy. Weizmann 
Institute of Science, Rehovot, Israel, March 2001. 

44. Targeting death receptors in cancer with Apo2L/TRAIL. Cell Death and Disease 
conference, North Falmouth, MA, Jun 2001. 

45. Targeting death receptors in cancer with Apo2L/TRAIL. Biotechnology 
Organization conference, San Diego, CA, Jun 2001. 

46. Apo2L/TRAIL signaling and apoptosis resistance mechanisms. Gordon Research 
Conference on Apoptosis, Oxford, UK, July 2001. 

47. Apo2L/TRAIL signaling and apoptosis resistance mechanisms. Cleveland Clinic 
Foundation, Cleveland, OH, Oct 2001. 

48. Apoptosis signaling by death receptors: overview. International Society for 
Interferon and Cytokine Research conference, Cleveland, OH, Oct 2001. 

49. Apoptosis signaling by death receptors. American Society of Nephrology 
Conference. San Francisco, CA, Oct 2001. 

50. Targeting death receptors in cancer. Apoptosis: commercial opportunities. San 
Diego, CA, Apr 2002. 

51. Apo2L/TRAIL signaling and apoptosis resistance mechanisms. Kimmel Cancer 
Research Center, Johns Hopkins University, Baltimore MD. May 2002. 

52. Apoptosis control by Apo2L/TRAIL. (Keynote Address) University of Alabama 
Cancer Center Retreat, Birmingham, Ab. October 2002. 

5 3. Apoptosis signaling by Apo2L/TRAIL. (Session co-chair) TNF international 
conference. San Diego, C A. October 2002. 

54. Apoptosis signaling by Apo2L/TRAJL. Swiss Institute for Cancer Research 
(ISREC). Lausanne, Swizerland. Jan 2003. 

55. Apoptosis induction with Apo2IVTRAIL. Conference on New Targets and 
Innovative Strategies in Cancer Treatment. Monte Carlo. February 2003. 

56. Apoptosis signaling by Apo2L/TRAIL. Hermelin Brain Tumor Center 
Symposium on Apoptosis. Detroit, MI. April 2003. 

57. Targeting apoptosis through death receptors. Sixth Annual Conference on 
Targeted Therapies in the Treatment of Breast Cancer. Kona, Hawaii. July 2003. 

58. Targeting apoptosis through death receptors. Second International Conference on 
Targeted Cancer Therapy. Washington, DC. Aug 2003. 

Issued Patents: 
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1 . Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 5,329,028 (Jul 12, 1994). 

2. Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 5,605,791 (Feb 25, 1997). 

3. Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 5,889,155 (Jul 27, 1999). 

4. Ashkenazi, A., APO-2 Ligand. US patent 6,030,945 (Feb 29, 2000). 

5. Ashkenazi, A., Chuntharapai, A., Kim, J., APO-2 ligand antibodies. US patent 6, 
046, 048 (Apr 4, 2000). 

6. Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 6,124,435 (Sep 26, 2000). 

7. Ashkenazi, A., Chuntharapai, A., Kim, J., Method for making monoclonal and cross- 
reactive antibodies. US patent 6,252,050 (Jun 26, 2001). 

8. Ashkenazi, A. APO-2 Receptor. US patent 6,342,369 (Jan 29, 2002). 

9. Ashkenazi, A. Fong, S., Goddard, A., Gumey, A., Napier, M., Tumas, D., Wood, W. 
A-33 polypeptides. US patent 6,410,708 (Jun 25, 2002). 

10. Ashkenazi, A. APO-3 Receptor. US patent 6,462, 1 76 B 1 (Oct 8, 2002). 

1 1 . Ashkenazi, A. APO-2LI and APO-3 polypeptide antibodies. US patent 6,469, 1 44 B 1 
(Oct 22, 2002). 

12. Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 6,5 82,928B1 (Jun 24, 2003). 
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Research 



Genome-wide Study of Gene Copy Numbers, 
Transcripts, and Protein Levels in Pairs of 
Non-invasive and Invasive Human Transitional 
Cell Carcinomas* 

Torben F. 0rntoft*§, Thomas ThykjaerU, Frederic M. Waldman||, Hans Wolf**, 
and Julio E. Celis** 



Gain and loss of chromosomal material is characteristic phenomenon at both the transcription and translation levels, 
of bladder cancer, as well as malignant transformation in High throughput array studies of the breast cancer cell line 
general. The consequences of these changes at both the BT474 has suggested that there Is a correlation between 



transcription and translation levels is at present unknown 
partly because of technical limitations. Here we have at- 
tempted to address this question in pairs of non-invasive 
and invasive human bladder tumors using a combination 
of technology that included comparative genomic hybrid- 
ization, high density oligonucleotide array-based monitor- Qn has been obsev/e6 witnout simultaneous am- 
ing of transcript levels (5600 genes), and high resolution h 4 numbef |n _ 
two-dimensional gel electrophoresis^ results showed ,^P ,mcai,on W- ana ^' uw ,'_ f ^J lta nt r mvr nmtein 
that there is a gene dosage effect W in some cases^ crease was observed without concomitant c-myc protein 



DNA copy numbers and gene expression in highly amplified 
areas (2), and studies of individual genes in solid tumors 
have revealed a good correlation between gene dose and 
mRNA or protein levels in the case of c-erb-B2, cyclin d1, 
emsl, and N-myc (3-5). However, a high cyclin D1 protein 



superimposes on other regulatory mechanisms. This ef- 
fect depended (p < 0.015) on the magnitude of the com- 
parative genomic hybridization change. In general (18 of 
23 cases), chromosomal areas with more than 2-fold gain 
of DNA showed a corresponding increase in mRNA tran- 
scripts. Areas with loss of DNA, on the other hand, 
showed either reduced or unaltered transcript levels^ Be- 
cause most proteins resolved by two-dimensional gels 
are unknown it was only possible to compare mRNA and 
protein alterations in relatively few cases of well focused 
abundant proteins, fylWh few exceptions we found a good 
correlation (p < 0.005) between transcript alterations and 
protein levels. The implications, as well as limitations, 
of the approach are discussed. Molecular & Cellular 
Proteomics 1:37-45, 2002. 



Aneuploidy is a common feature of most human cancers 
(1), but little is known about the genome-wide effect of this 
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overexpression (6). 

In human bladder 4 tumors, karyotyping, fluorescent in situ 
hybridization, and comparative genomic hybridization (CGH) 1 
have revealed chromosomal aberrations that seem to be 
characteristic of certain stages of disease progression. In the 
case of non-invasive pTa transitional cell carcinomas (TCCs), 
this includes loss of chromosome 9 or parts of it, as well as 
loss of Y in males. In minimally invasive pT1 TCCs, the fol- 
lowing alterations have been reported: 2q-, 11p-, 1q+. 
11q13+, 17q+, and 20q+ (7-12). It has been suggested that 
these regions harbor tumor suppressor genes and onco- 
genes; however, the large chromosomal areas involved often 
contain many genes, making meaningful predictions of the 
functional consequences of losses and gains very difficult. 

In this Investigation we have combined genome-wide tech- 
nology for detecting genomic gains and losses (CGH) with 
gene expression profiling techniques (microarrays and pro- 
teomics) to determine the effect of gene copy number on 
transcript and protein levels In pairs of non-invasive and in- 
vasive human bladder TCCs. 

EXPERIMENTAL PROCEDURES 

Material— Bladder tumor biopsies were sampled after informed 
consent was obtained and after removal of tissue for routine pathol- 
ogy examination. By light microscopy tumors 335 and 532 were 
staged by an experienced pathologist as pTa (superficial papillary), 

1 The abbreviations used are: CGH, comparative genomic hybrid- 
ization; TCC, transitional cell carcinoma; LOH, loss of heterozygosity; 
PA- FAB P, psoriasis-associated fatty acid-binding protein; 2D, 
two-dimensional. 
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Fig 1 DNA copy number and mRNA expression level. Shown from left to right are chromosome (Chr.) t CGH profiles, gene location and 
expression level of specific genes, and overall expression level along the chromosome. A, expression of mRNA in invasive tumor 733 as 
compared with the non-invasive counterpart tumor 335. B, expression of mRNA in invasive tumor 827 compared with the non-invasive 
counterpart tumor 532. The average fluorescent signal ratio between tumor DNA and normal DNA is shown along the length of the chromosome 
(left) The bold curve in the ratio profile represents a mean of four chromosomes and is surrounded by thin curves Indicating one standard 
deviation. The centra/ vertical tine broken) indicates a ratio value of 1 (no change), and the vertical lines next to it (doW^mteaie a ratio of 
0.5 (/eft) and 2.0 (rfgM). In chromosomes where the non-invasive tumor 335 used for comparison showed alterations in DNA cont^Uhe ratio 
profile of that chromosome Is shown to the right of the invasive tumor profile. The colored bars represents one gene each, identfiedby the 
running numbers above the bars (the name of the gene can be seen at www.MDL.DK/sdata.html). The bars indicate the purported tocat™ of 
the gene, and the colors Indicate the expression level of the gene in the invasive tumor compared with the norwnvasrve counterpart; >2-fold 
increase (black), >2-fokJ decrease {blue), no significant change (orange). The oar to the far right, entitled Expression shows the resulting change 
in expression along the chromosome; the colors indicate that at least half of the genes were up-regulated (Wac*). at least half of the genes 
down-regulated (Wue), or more than half of the genes are unchanged (orange). If a gene was absent in one of the samples and present in 
another, it was regarded as more than a 2-fold change. A 2-fold level was chosen as this corresponded to one standard deviation In a double 
determination of -1800 genes. Centromeres and heterochromatic regions were excluded from data analysis. 



grade I and II, respectively, tumors 733 and 827 were staged as pT1 
(invasive into submucosa), 733 was staged as solid, and 827 was 
staged as papillary, both grade HI. 

mRNA Preparation — Ti ssue biopsies, obtained fresh from surgery, 
were embedded immediately in a sodium-guanidinlum thiocyanate 
solution and stored at -80 *C. Total RNA was isolated using the 
RNAzol B RNA isolation method (WAK-Chemie Medical GMBH). 
poty(Ar RNA was isolated by an oligo(cn) selection step (Oligotex 
mRNA kit; Qiagen). 

cRNA Preparation- 1 jig of mRNA was used as starting material. 
The first and second strand cDNA synthesis was performed using the 
Superscript® choice system (Invitrogen) according to the manufac- 
turer's instructions but using an o!igo(dT) primer containing a T7 RNA 
polymerase binding site. Labeled cRNA was prepared using the ME- 
GAscrip® in vitro transcription kit (Ambion). Biotin-labeled CTP and 



UTP (Enzo) was used, together with unlabeled NTPs in the reaction. 
Following the in vitro transcription reaction, the unincorporated nu- 
cleotides were removed using RNeasy columns (Qiagen). 

Array Hybridization and Scanning— Array hybridization and scan- 
ning was modified from a previous method (13). 10 of cRNA was 
fragmented at 94 °C for 35 min in buffer containing 40 rrw Tris 
acetate, pH 8.1, 100 mM KOAc, 30 rrw MgOAc. Prior to hybridization, 
the fragmented cRNA in a 6x SSPE-T hybridization buffer (1 m NaCI, 
10 mM Tris, pH 7.6, 0.005% Triton), was heated to 95 6 C for 5 min, 
subsequently cooled to 40 °C, and loaded onto the Affyrnetrix probe 
array cartridge. The probe array was then Incubated for 16 h at 40 *C 
at constant rotation (60 rpm). The probe array was exposed to 10 
washes in 6x SSPE-T at 25 *C followed by 4 washes in 0.5X SSPE-T 
at 50 e C. The biotinylated cRNA was stained with a streptayidin- 
phycoerythrin conjugate. 10 jig/ml (Molecular Probes) in 6x SSPE-T 
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Fig. 1— continued 



for 30 min at 25 °C followed by 1 0 washes in 6 x SSPE-T at 25 °C. Tne 
probe arrays were scanned at 560 nm using a confocal laser scanning 
microscope (made for Affymetrix by Hewlett-Packard), The readings 
from the quantitative scanning were analyzed by Affymetrix gene 
expression analysis software. 

Micrvsatellite Analysis— Microsatellite Analysis was performed as 
described previously (14). Microsatellites were selected by use of 
www.ncbi.nlm.nih.gov/genemap98, and primer sequences were ob- 
tained from the genome data base at www.gdb.org. DNA was extracted 
from tumor and blood and amplified by PGR in a volume of 20 pX for 35 
cycles. The ampficons were denatured and electrophoresed for 3 h in an 
ABI Prism 377. Data were collected in the Gene Scan program for 
fragment analysis. Loss of heterozygosity was defined as less than 33% 
of one allele detected in tumor amplicons compared with blood. 

Proteomic Analysis —TCCs were minced into small pieces and 
homogenized in a small glass homogenizer in 0.5 ml of lysis solution. 
Samples were stored at -20 °C until use. The procedure for 2D gel 
electrophoresis has been described in detail elsewhere (15, 16). Gels 
were stained with silver nitrate and/or Coomassie Brilliant Blue. Pro- 
teins were identified by a combination of procedures that Included 
microsequencing, mass spectrometry, two-dimensional gel Western 
tmmunobiotting, and comparison with the master two-dimensional gel 
image of human keratinocyte proteins; see biobase.dk/cgl-bin/celis. 

CGH-Hybrldization of differentially labeled tumor and normal DNA 
to normal metaphase chromosomes was performed as described 
previously (10). Ruorescein-labeled tumor DNA (200 ng) r Texas Red- 



labeled reference DNA (200 ng), and human Cot-1 DNA (20 ^g) were 
denatured at 37 °C for 5 min and applied to denatured normal met- 
aphase slides. Hybridization was at 37 °C for 2 days. After washing, 
the slides were counterstaJned with 0.15 ^g/ml 4,6-diamidino-2-phe- 
nylindole in an anti-fade solution. A second hybridization was per- 
formed for all tumor samples using fluorescein-labeled reference DNA 
and Texas Red-labeled tumor DNA (Inverse labeling) to confirm the 
aberrations detected during the initial hybridization. Each CGH ex- 
periment also included a normal control hybridization using fluores- 
cein- and Texas Red-labeled normal DNA. Digital image analysis was 
used to identify chromosomal regions with abnormal fluorescence 
ratios, indicating regions of DNA gains and losses. The average 
greemred fluorescence intensity ratio profiles were calculated using 
four images of each chromosome (eight chromosomes total) with 
normalization of the green:red fluorescence intensity ratio for the 
entire metaphase and background correction. Chromosome identifi- 
cation was performed based on 4,6-dlamidino-2-phenylindole band- 
ing patterns. Only images showing uniform high intensity fluores- 
cence with minimal background staining were analyzed. All 
centromeres, p arms of acrocentric chromosomes, and heterochro- 
matlc regions were excluded from the analysis. 

RESULTS 

Comparative Genomic Hybridization— ThQ CGH analysis 
identified a number of chromosomal gains and losses in the 
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Tabu I 

Correlation between alterations detected by CGH and by expression monitoring 
Top, CGH used as Independent variable (if CGH alteration - what expression ratio was found); bottom, altered expression used as 
independent variable (if expression alteration - what CGH deviation was found). 



CGH alterations 



Tumor 733 vs. 335 
Expression change clusters 



Concordance 



CGH alterations 



Tumor 827 vs. 532 
Expression change clusters 



Concordance 



1 3 Gain 1 0 Up-regulation 

0 Down-regulation 

3 No change 
10 Loss 1 Up-regulation 

5 Down- regulation 

4 No change 



77% 
50% 



10 Gain 8 Up-regulation 

0 Down-regulation 
2 No change 

12 Loss 3 Up-regulation 

2 Down regulation 
7 No change 



Expression change clusters 



Tumor 733 vs. 335 
CGH alterations 



Concordance Expression change clusters 



Tumor 827 vs. 532 
CGH alterations 



80% 
17% 

Concordance 



16 Up-regulation 
21 Down-regulation 
15 No change 



11 Gain 

2 Loss 

3 No change 
1 Gain 

8 Loss 

12 No change 
3 Gain 

3 Loss 

9 No change 



69% 
38% 
60% 



17 Up-regulation 
9 Down-regulation 
21 No change 



10 Gain 

5 Loss 

2 No change 

0 Gain 

3 Loss 

6 No change 

1 Gain 
3 Loss 

17 No change 



59% 
33% 
81% 



two invasive tumors (stage pT1, TCCs 733 and 827), whereas 
the two non-invasive papillomas (stage pTa, TCCs 335 and 
532) showed only 9p-, 9q22-q33-, and X-, and 7+, 9q-, 
and Y-, respectively. Both Invasive tumors showed changes 
(1q22-24+, 2q14.1-qter-, 3q12-q13.3-, 6q12-q22-~, 
9q34+, 11q12-q13+, 17+, and 20q11.2-q12+) that are typ- 
ical for their disease stage, as well as additional alterations, 
some of which are shown in Fig. 1. Areas with gains and 
losses deviated from the normal copy number to some extent, 
and the average numerical deviation from normal was 0.4-fold 
in the case of TCC 733 and 0.3-fold for TCC 827. The largest 
changes, amounting to at least a doubling of chromosomal 
content, were observed at 1q23 in TCC 733 (Fig. ^A) and 
20q12inTCC827(Fig. 16). 

mRNA Expression In Relation to DNA Copy Number- The 
mRNA levels from the two invasive tumors (TCCs 827 and 
733) were compared with the two non-Invasive counterparts 
(TCCs 532 and 335). This was done in two separate experi- 
ments in which we compared TCCs 733 to 335 and 827 to 
532, respectively, using two different scaling settings for the 
arrays to rule out scaling as a confounding parameter. Ap- 
proximately 1,800 genes that yielded a signal on the arrays 
were searched in the Unlgene and Genemap data bases for 
chromosomal location, and those with a known location 
(1096) were plotted as bars covering their purported locus. In 
that way it was possible to construct a graphic presentation of 
DNA copy number and relative mRNA levels along the Indi- 
vidual chromosomes (Fig. 1). 

For each mRNA a ratio was calculated between the level in 
the invasive versus the non-invasive counterpart. Bars, which 
represent chromosomal location of a gene, were color-coded 
according to the expression ratio, and only differences larger 



than 2-fold were regarded as informative (Fig. 1). The density 
of genes along the chromosomes varied, and areas contain- 
ing only one gene were excluded from the calculations. The 
resolution of the QGH method is very low, and some of the 
outlier data may be because of the fact that the boundaries of 
the chromosomal aberrations are not known at high resolution. 

Two sets of calculations were made from the data. For the 
first set we used CGH alterations as the independent variable 
and estimated the frequency of expression alterations in these 
chromosomal areas. In general, areas with a strong gain of 
chromosomal material contained a cluster of genes having 
increased mRNA expression. For example, both chromo- 
somes 1q21-q25, 2p and 9q, showed a relative gain of more 
than 100% in DNA copy number that was accompanied by 
increased mRNA expression levels in the two tumor pairs (Fig. 
1). In most cases, chromosomal gains detected by CGH were 
accompanied by an increased level of transcripts in both 
TCCs 733 (77%) and 827 (80%) (Table I, fop). Chromosomal 
losses, on the other hand, were not accompanied by de- 
creased expression in several cases, and were often regis- 
tered as having unaltered RNA levels (Table I, top). The inabil- 
ity to detect RNA expression changes in these cases was not 
because of fewer genes mapping to the lost regions (data not 
shown). 

In the second set of calculations we selected expression 
alterations above 2-fold as the Independent variable and es- 
timated the frequency of CGH alterations in these areas. As 
above, we found that Increased transcript expression corre- 
lated with gain of chromosomal material (TCC 733, 69% and 
TCC 827, 59%), whereas reduced expression was often de- 
tected in areas with unaltered CGH ratios (Table I, bottom). 
Furthermore, as a control we looked at areas with no alter- 



40 Molecular & Cellular Proteomlcs 1. 1 





Gene Copy Numbers, Transcripts, and Protein Levels 



2.5 



3.5 



X 

o 
o 

£ 2 



<1.5 



,L 



A AAA 
A 



A A 
AAA 
A 



A 
AAA 



AAA 
AA 
A 



Expression changes 
detected 



Expression changes 
not detected 



• 



• «• 
»• 



• ••• 



Expression changes 
detected 



Expression changes 
not detected 



Tumor 827 versus 532 



Tumor 733 versus 335 

Fig 2. Correlation between maximum CGH aberration and the ability to detect expression change by oligonucleotide array 
monitoring. The aberration is shown as a numerical -fold change In ratio between invasive tumors 827 (A) and 733 (♦) and their non-Invasive 
counterparts 532 and 335. The expression change was taken from the Expression line to the right in Rg. 1. which depicts the resulting 
expression change for a given chromosomal region. At least hart of the mRNAs from a given region have to be either up- or down-regulated 
to be scored as an expression change. AM chromosomal arms in which the CGH ratio plus or minus one standard deviation was outside the 
ratio value of one were included. 



ation in expression. No alteration was detected by CGH in 
most of these areas (TCC 733, 60% and TCC 827, 81 %; see 
Table I, bottom). Because the ability to observe reduced or 
increased mRNA expression clustering to a certain chromo- 
somal area clearly reflected the extent of copy number 
changes, we plotted the maximum CGH aberrations in the 
regions showing CGH changes against the ability to detect a 
change in mRNA expression as monitored by the oligonucleo- 
tide arrays (Fig. 2)v£or both tumors TCC 733 (p < 0.015) and 
TCC 827 (p < 0.00003) a highly significant correlation was 
observed between the level of CGH ratio change (reflecting 
the DNA copy number) and alterations detected by the array 
based technology (Fig. 2^ Similar data were obtained when 
areas with altered expression were used as Independent vari- 
ables. These areas correlated best with CGH when the CGH 
ratio deviated 1.6- to 2.0-fold (Table I, bottom) but mostly did 
not at lower CGH deviations. These data probably reflect that 
loss of an allele may only lead to a 50% reduction in expres- 
sion level, which is at the cut-off point for detection of expres- 
sion alterations. Gain of chromosomal material can occur to a 
much larger extent. 

Microsatellite-based Detection of Minor Areas of Loss- 
es-ln TCC 733, several chromosomal areas exhibiting DNA 
amplification were preceded or followed by areas with a nor- 
mal CGH but reduced mRNA expression (see Fig. 1 , TCC 733 
chromosome 1q32, 2p21, and 7q21 and q32, 9q34, and 
10q22). To determine whether these results were because of 
undetected loss of chromosomal material in these regions or 



because of other non-structural mechanisms regulating tran- 
scription, we examined two microsateliites positioned at chro- 
mosome 1q25-32 and two at chromosome 2p22. Loss of 
heterozygosity (LOH) was found at both 1q25 and at 2p22 
indicating that minor deleted areas were not detected with the 
resolution of CGH (Rg. 3). Additionally, chromosome 2p in 
TCC 733 showed a CGH pattern of gain/no change/gain of 
DNA that correlated with transcript increase/decrease/in- 
crease. Thus, for the areas showing increased expression 
there was a correlation with the DNA copy number alterations 
(Fig. 1 A). As indicated above, the mRNA decrease observed in 
the middle of the chromosomal gain was because of LOH, 
implying that one of the mechanisms for mRNA down-regu- 
lation may be regions that have undergone smaller losses of 
chromosomal material. However, this cannot be detected with 
the resolution of the CGH method. 

In both TCC 733 and TCC 827, the telomeric end of chro- 
mosome 11 p showed a normal ratio in the CGH analysis; 
however, clusters of five and three genes, respectively, lost 
their expression. Two microsateliites (D11S1760, D11S922) 
positioned close to MUC2, IGF2, and cathepsin D indicated 
LOH as the most likely mechanism behind the loss of expres- 
sion (data not shown). 

A reduced expression of mRNA observed In TCC 733 at 
chromosomes 3q24, 11p11, 12p12.2, 12q21.1, and 16q24 
and in TCC 827 at chromosome 11p15.5, 12p11, 15q11.2, 
and 18q12 was also examined for chromosomal losses using 
microsateliites positioned as close as possible to the gene loci 
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Fig. 3. Microsatellrte analysis of loss of heterozygosity. Tumor 
733 showing toss of heterozygosity at chromosome 1q25. detected 
la) by D1S215 close to Hu class I histocompatibility antigen (gene 
number 38 In Fig. 1), (b) by D1S2735 close to cathepsin E (gene 
number 41 In Fig. 1), and (c) at chromosome 2p23 by D2S2251 close 
to general ^-spectrin (gene number 1 1 on Rg. 1) and of (d) tumor 827 
showing loss of heterozygosity at chromosome 18q12 by S18S1118 
close to mitochondrial 3-oxoacyl-coenzyme A thiolase (gene number 
12 In Fig. 1). The upper curves show the electropherogram obtained 
from normal DNA from leukocytes [N], and the tower curves show the 
electropherogram from tumor DNA (7). In all cases one allele is 
partially lost in the tumor amplicon. 

showing reduced mRNA transcripts. Only the microsatelllte 
positioned at 18q12 showed LOH (Fig. 3), suggesting that 
transcriptional down-regulation of genes in the other regions 
may be controlled by other mechanisms. 

Relation between Changes in mRNA and Protein Levels— 
2D-PAGE analysis, in combination with Coomassie Brilliant 
Blue and/or silver staining, was carried out on all four tumors 
using fresh biopsy material. 40 well resolved abundant known 
proteins migrating in areas away from the edges of the pH 
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Fig. 4. Correlation between protein levels as fudged by 20- 
PAGE and transcript ratio. For comparison proteins were divided In 
three groups, unaltered in level or up- or down-regulated {horizontal 
axis). The mRNA ratio as determined by oligonucleotide arrays was 
plotted for each gene {vertical axis). ▲, mRNAs that were scored as 
present in both tumors used for the ratio calculation; A, mRNAs that 
were scored as absent in the invasive tumors (along horizontal axis) or 
as absent in ndn-invaslve reference {top of figure). Two different 
scalings were used to exclude scaling as a confounder, TCCs 827 
and 532 (AA) were scaled with background suppression, and TCCs 
733 and 335 (#0) were scaled without suppression. Both compari- 
sons showed highly significant (p < 0.005) differences in mRNA ratios 
between the groups. Proteins shown were as follows: Group A (from 
/eft), phosphoglucomutase 1, glutathione transferase class ji number 
4, fatty acid-binding protein homologue, cytokeratin 15, and cyto- 
keratin 13; B (from left), fatty acid-binding protein homologue, 28-kDa 
heat shock protein, cytokeratin 1 3, and calcyclin; C (from left), a-eno- 
lase, hnRNP B1, 28-kDa heat shock protein, 14-3-3-c, and 
pre-mRNA splicing factor, 0. mesothelial keratin K7 (type II); £ (from 
top), glutathione S-transferase-w and mesothelial keratin K7 (type II); 
F(from top and left), adenyiyl cyclase-associated protein, E-cadherin, 
keratin 19, catglzzarin, phosphoglycerate mutase, annexin IV, cy- 
toskeletal yactin, hnRNP A1, integral membrane protein calnexin 
(IP90). hnRNP H, brain-type clathrin light chain-a, hnRNP F, 70-kDa 
heat shock protein, heterogeneous nuclear ribonucleoprotein A/B, 
translationally controlled tumor protein, liver gJyceraldehyde-3-phos- 
phate dehydrogenase, keratin iB. aldehyde reductase, and Na,K- 
ATPase 0-1 subunit; G, (from top and feft), TCP20, calgizzarin, 70- 
kDa heat shock protein, calnexin, hnRNP H f cytokeratin 15, ATP 
synthase, keratin 19, triosephosphate isomerase, hnRNP F, liver glyc- 
eraldehyde-3-phosphatase dehydrogenase, glutathione S-transfer- 
ase-ir, and keratin 8; H (from left), plasma gelsolin, autoantigen cal- 
reticulin, thioredoxin, and NAD+-dependent 15 hydroxyprostaglandin 
dehydrogenase; / (from fop), prolyl 4-hydroxylase 0-subunit, cyto- 
keratin 20, cytokeratin 17, prohibition, and fructose 1 ,6-bi phos- 
phatase; J annexin II; K, annexin IV; L (from top and /eft), 90-kDa heat 
shock protein, prolyl 4-hydroxylase 0-subunit, a-enolase, GRP 78, 
cyclophliin, and cofilin. 

gradient, and having a known chromosomal location, were 
selected for analysis in the TCC pair 827/532. Proteins were 
identified by a combination of methods (see "Experimental 
Procedures"). In general there was a highly significant corre- 
lation (p < 0.005) between mRNA and protein alterations (Fig. 
4). Only one gene showed disagreement between transcript 
alteration and protein alteration. Except for a group of cyto- 
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Fig. 5. Comparison of protein and transcript levels In Invasive 
and non-Invasive TCCs. The upper part of the figure shows a 2D gel 
[left) and the oligonucleotide array fight) of TCC 532. The red rectan- 
gles on the upper gel highlight the areas that are compared below. 
Identical areas of 2D gels of TCCs 532 and 827 are shown below. 
Clearly, cytokeratins 13 and 15 are strongly down-regulated In TCC 
827 (red annotation). The tile on the array containing probes for 
cytokeratin 15 is enlarged below the array (red arrow) from TCC 532 
and is compared with TCC 827. The upper row of squares In each tile 
corresponds to perfect match probes; the tower row corresponds to 
mismatch probes containing a mutation (used for correction for un- 
specific binding). Absence of signal is depicted as black, and the 
higher the signal the lighter the color. A high transcript level was 
detected in TCC 532 (6151 units) whereas a much lower level was 
detected in TCC 827 (absence of signals). For cytokeratin 13. a high 
transcript level was also present in TCC 532 (15659 units), and a 
much lower level was present in TCC 827 (623 units). The 2D gels at 
the bottom of the figure {felt) show levels of PA-FABP and adipocyte- 
FABP In TCCs 335 and 733 (invasive), respectively. Both proteins are 
down-regulated in the invasive tumor. To the right we show the array 
tiles for the PA-FABP transcript. A medium transcript level was de- 
tected in the case of TCC 335 (1277 units) whereas very low levels 
were detected In TCC 733 (166 units). /£F, isoelectric focusing. 



keratins encoded by genes on chromosome 17 (Fig. 5) the 
analyzed proteins did not belong to a particular family. 26 well 
focused proteins whose genes had a know chromosomal 
location were detected in TCCs 733 and 335, and of these 19 
correlated (p < 0.005) with the mRNA changes detected using 
the arrays (Fig. 4). For example, PA-FABP was highly ex- 
pressed in the non-invasive TCC 335 but lost In the invasive 
counterpart (TCC 733; see Fig. 5). The smaller number of 
proteins detected in both 733 and 335 was because of the 
smaller size of the biopsies that were available. 

i 1 chromosomal regions where CGH showed aberrations 
that corresponded to the changes In transcript levels also 
showed corresponding changes in the protein level (Table II). 
These regions included genes that encode proteins that are 
found to be frequently altered In bladder cancer, namely 
cytokeratins 17 and 20, annexins II and IV, and the fatty 
acid-binding proteins PA-FABP and FBP1. Four of these pro- 
teins were encoded by genes in chromosome 17q, a fre- 
quently amplified chromosomal area in invasive bladder 
cancers. 

DISCUSSION 

Most human cancers have abnormal DNA content, having 
iost some chromosomal parts and gained others. The present 
study provides some evidence as to the effect of these gains 
and losses on gene expression in two pairs of non-Invasive 
and invasive TCCs using high throughput expression arrays 
and proteomics, In combination with CGH. In general, the 
results showed that there is a clear individual regulation of the 
mRNA expression of single genes, which in some cases was 
superimposed by a DNA copy number effect. In most cases, 
genes located in chromosomal areas with gains often exhib- 
ited increased mRNA expression, whereas areas showing 
losses showed either no change or a reduced mRNA expres- 
sion. The latter might be because of the fact that losses most 
often are restricted to loss of one allele, and the cut-off point 
for detection of expression alterations was a 2-fold change, 
thus being at the border of detection. In several cases, how- 
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Proteins whose expression level correlates with both mRNA and gene dose changes 



Protein 



Chromosomal location Tumor TCC CGH alteration Transcript alteration 0 Protein alteration 



Annexin H 
Annexin IV 
Cytokeratin 17 
Cytokeratin 20 
(PA-)FABP 
FBP1 

Plasma gelsolin 
Heat shock protein 28 
ProWbitin 
Prolyl-4-hydroxyl 
hnRIMPBI 



1q21 
2p13 

17q12-q21 

17q21.1 

8q21.2 

9q22 

9q31 

15q12-q13 
17q2t 
17q25 
7p15 



733 

733 

827 

827 

827 

827 

827 

827 
827/733 
827/733 

827 



Gain 
Gain 
Gain 
Gain 
Loss 
Gain 
Gain 
loss 
Gain 
Gain 
Loss 



Absto Pres° 
3.9-Fold up 
3.8-Fold up 

5.6- Fold up 
10-Fold down 
2.3-Fold up 
AbstoPres 
2.5-Fold up 

3.7- /2.5-FokJ up* 
5.7-/1.6-Foldup 
2.5-Fold down 



Increase 

Increase 

Increase 

Increase 

Decrease 

Increase 

Increase 

Decrease 

Increase 

Increase 

Decrease 



• Abs, absent; Pres. present. 

* In cases where the corresponding alterations were found in both TCCs 827 and 733 these are shown as 827/733. 
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ever, an increase or decrease in DNA copy number was arm and that the use of cDNA micro-arrays for analysis of DNA 

associated with de novo occurrence or complete loss of tran- copy number changes will reach a resolution that can resolve 

script, respectively. Some of these transcripts could not be these changes, as has recently been proposed &. The outiier 

detected in the non-invasive tumor but were present at rela- data were not more frequent at the boundaries of the CGH 

tively high levels In areas with DNA amplifications In the inva- aberrations. At present we do not know the mechanism be- 

sive tumors {e.g. in TCC 733 transcript from cellular ligand of hind chromosomal aneuploldy and cannot predict whether 

annexin II gene (chromosome 1q21) from absent to 2670 chromosomal gains will be transcribed to a larger extent than 

arbitrary units; in TCC 827 transcript from small proline-rich the two native alleles. A mechanism as genetic Imprinting has 

protein 1 gene (chromosome 1q12-q21.1) from absent to an Impact on the expression level in normal cells and is often 

1326 arbitrary units). It may be anticipated from these data reduced in tumors. However, the relation between imprinting 

that significant clustering of genes with an increased expres- and gain of chromosomal material is not known, 

sion to a certain chromosomal area indicates an increased We regard it as a strength of this Investigation that we were 

likelihood of gain of chromosomal material in this area. able to compare invasive tumors to benign tumors rather than 

Considering the many possible regulatory mechanisms act- to normal urothelium, as the tumors studied were biologically 

ing at the level of transcription, it seems striking that the gene very close and probably may represent successive steps in 

dose effects were so clearly detectable in gained areas. One the progression of bladder cancer. Despite the limited amount 

hypothetical explanation may lie in the loss of controlled of fresh tissue available it was possible to apply three different 

methylation in tumor cells (1 7-1 9). Thus, it may be possible state of the art methods. The observed correlation between 

that in chromosomes with increased DNA copy numbers two DNA copy number and mRNA expression is remarkable when 

or more alleles could be demethylated simultaneously leading one considers that different pieces of the tumor biopsies were 

to a higher transcription level, whereas in chromosomes with used for the different sets of experiments. This indicate that 

losses the remaining allele could be partly methylated, turning bladder tumors are relatively homogenous, a notion recently 

off the process £0. 21). A recent report has documented a supported by CGH and LOH data that snowed a remarkable 

ploidy regulation of gene expression in yeast, but in this case all similarity even between tumors and distant metastasis (10, 23). 

the genes were present in the same ratio (22), a situation that is In the few cases analyzed, mRNA and protein levels 

not analogous to that of cancer cells, which show marked showed a striking correspondence although in some cases 

chromosomal aberrations, as well as gene dosage effects. we found discrepancies that may be attributed to translational 

Several CGH studies of bladder cancer have shown that regulation, post-translational processing, protein degrada- 

some chromosomal aberrations are common at certain tion, or a combination of these. Some transcripts belong to 

stages of disease progression, often occurring in more than 1 undertranslated mRNA pools, which are associated with few 

of3tumors.lnpTatumors.theseinclude9p-,9q-.1q+,Y- translationally inactive ribosomes; these pools, however. 

(2. 6). and in pT1 tumors. 2q-,1 1p-. 1 1q- 1q+. 5p+. 8q+. seem to be rare (24). Protein degradation, for example, may 

17q+, and 20q+ (2-4, 6. 7). The pTa tumors studied here be very important in the case of polypeptides with a short 

showed similar aberrations such as 9p- and 9q22-q33- and half-life (e.g. signaling proteins). A poor correlation between 

9q- and Y-, respectively. Likewise, the two minimal Invasive mRNA and protein levels was found in liver cells as deter- 

pT1 tumors showed aberrations that are commonly seen at mined by arrays and 2D-PAGE (25), and a moderate correla- 

that stage, and TCC 827 had a remarkable resemblance to the tioa was recently reported by Ideker ef al. (26) in yeast 

commonly seen pattern of losses and gains, such as 1 q22-24 (interestingly, our study revealed a much better correlation 

amplification (seen in both tumors), 1 1q14-q22 loss, the latter between gained chromosomal areas and increased mRNA 

often linked to 17 q+ (both tumors), and 1q+ and 9p-. often levels than between loss of chromosomal areas and reduced 

linked to 20q+ and 1 1 q13+ (both tumors) (7-9). These ob- mRNA levels. In general, the level of CGH change determined 

servatlons indicate that the pairs of tumors used in this study the ability to detect a change in transcript) One possible 

exhibit chromosomal changes observed in many tumors, and explanation could be that by losing one allele the change in 

therefore the findings could be of general importance for mRNA level Is not so dramatic as compared with gain of 

bladder cancer. material, which can be rather unlimited and may lead to a 

Considering that the mapping resolution of CGH is of about severalfold increase in gene copy number resulting in a much 

20 megabases it is only possible to get a crude picture of higher impact on transcript level. The latter would be much 

chromosomal instability using this technique. Occasionally, easier to detect on the expression arrays as the cut-off point 

we observed reduced transcript levels close to or inside re- was placed at a 2-fold level so as not to be biased by noise on 

gions with increased copy numbers. Analysis of these regions the array. Construction of arrays with a better signal to noise 

by positioning heterozygous microsatellites as close as pos- ratio may in the future allow detection of lesser than 2-fold 

sible to the locus showing reduced gene expression revealed alterations in transcript levels, a feature that may facilitate the 

loss of heterozygosity in several cases. It seems likely that analysis of the effect of loss of chromosomal areas on tran- 

multiple and different events occur along each chromosomal script levels. 
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In eleven cases we found a significant correlation between 
DNA copy number, mRNA expression, and protein level. Four 
of these proteins were encoded by genes located at a fre- 
quently amplified area in chromosome 17q. Whether DNA 
copy number is one of the mechanisms behind alteration of 
these eleven proteins is at present unknown and will have to 
be proved by other methods using a larger number of sam- 
ples. One factor making such studies complicated is the large 
extent of protein modification that occurs after translation, 
requiring immunoidentification and/or mass spectrometry to 
correctly identify the proteins in the gels. 

In conclusion, the results presented in this study exemplify 
the large body of knowledge that may be possible to gather in 
the future by combining state of the art techniques that follow 
the pathway from DNA to protein (26). Here, we used a tradi- 
tional chromosomal CGH method, but In the future high reso- 
lution CGH based on microarrays with many thousand radiation 
hybrid-mapped genes will Increase the resolution and informa- 
tion derived from these types of experiments (2). Combined with 
expression arrays analyzing transcripts derived from genes with 
known locations, and 2D gel analysis to obtain information at 
the post-translational level, a clearer and more developed un- 
derstanding of the tumor genome will be forthcoming. 
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ABSTRACT 

Genetic changes underlie tumor progression and may lead to cancer- 
specific expression of critical genes. Over 1100 publications have de- 
scribed the use of comparative genomic hybridization (CGH) to analyze 
the pattern of copy number alterations in cancer, but very few of the genes 
affected are known. Here, we performed high-resolution CGH analysis on 
cDNA microarrays in breast cancer and directly compared copy number ^ 
and mRNA expression levels of 13,824 genes to quantitate the impact of 
genomic changes on gene expression. We identified and mapped the 
boundaries of 24 independent amplicons, ranging in size from 0.2 to 12 
Mb. Throughout the genome, both high- and low-level copy number 
changes had a substantial Impact on gene expression, with 44% of the 
highly amplified genes showing overexpression and 10.5% of the highly 
overexpressed genes being amplified. Statistical analysis with random 
permutation tests identified 270 genes whose expression levels across 14 
samples were systematically attributable to gene amplification. These 
included most previously described amplified genes in breast cancer and 
many novel targets for genomic alterations, including the HOXB7 gene, 
the presence of which in a novel ampiicon at 17q213 was validated in 
10 .2% of primary breast cancers and associated with poor patient prog- 
nosis. In conclusion, CGH on cDNA microarrays revealed hundreds of 
novel genes whose overexpression is attributable to gene amplification. 
These genes may provide insights to the clonal evolution and progression 
of breast cancer and highlight promising therapeutic targets. 

INTRODUCTION 

Gene expression patterns revealed by cDNA microarrays have 
facilitated classification of cancers into biologically distinct catego- 
ries, some of which may explain the clinical behavior of the tumors 
(1-6). Despite this progress in diagnostic classification, the molecular 
mechanisms underlying gene expression patterns in cancer have re- 
mained elusive, and the utility of gene expression profiling in the 
identification of specific therapeutic targets remains limited. 

Accumulation of genetic defects is thought to underlie the clonal 
evolution of cancer. Identification of the genes that mediate the effects 
of genetic changes may be important by highlighting transcripts that 
are actively involved in tumor progression. Such transcripts and their 
encoded proteins would be ideal targets for anticancer therapies, as 
demonstrated by the clinical success of new therapies against ampli- 
fied oncogenes, such as ERBB2 and EGFR (7, 8), in breast cancer and 
other solid tumors. Besides amplifications of known oncogenes, over 
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Copy number ratio 




Expression ratio 

Fig. 1. Impact of gene copy number on global gene expression levels, A. percentage of 
over- and underexpresscd genes (Y axis) according to copy number ratios (X axis). 
Threshold values used for over- and undercxpresaion were >2.184 (global upper 7% of 
the cDNA ratios) and <0.4826 (global lower 7% of me expression ratios). B. percentage 
of amplified and deleted genes according to expression ratios. Threshold values for 
amplification and deletion were > 1.5 and «X7. 



20 recurrent regions of DNA amplification have been mapped in 
breast cancer by CGH 5 (9, 10). However, these amplicons are often 
large and poorly defined, and their impact on gene expression remains 
unknown. 

We hypothesized that genome-wide identification of those gene 
expression changes that are attributable to underlying gene copy 
number alterations would highlight transcripts that are actively in- 
volved in the causation or maintenance of the malignant phenotype. 
To identify such transcripts, we applied a combination of cDNA and 
CGH microarrays to: (a) determine the global impact that gene copy 
number variation plays in breast cancer development and progression; 
and (b) identify and characterize those genes whose mRNA expres- 



5 The abbreviations used are: CGH, comparative genomic hybridization; FISH, fluo- 
rescence in situ hybridization; RT-PCR, reverse transcription-PCR. 
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20 2122 

Fie 2 Genom^wtdc copy number and expression analysis in the MCF-7 breast cancer cell line. A> chromosomal CGH anarysU of MCF-7. Tnc copy number ratio profile (blue 
iJ&ZZZZ ge^me from 1 P telomere^, Xq tdomere is shown along with * 1 SD (orange lines). The Mack Horizontal line ^c^a ratjoof KO; rerfte. . of 0* 
J green line, a ratio of 1-2. B^C, genome-wide copy number analysis m MCF-7 by CGH on cDNA rmcroarray. The amy ^^^^1^1 ^Toril^ZZ 
of the cDNA clones along the human genome. In *, individual data points are connected with a line, and a moving median of 10 adjacent c ba ^^^^^^^ 
copy number ratio of 1.0 In C, individual data points are labeled by color coding according to cDNA expression rzUozJhcbjh* red 

theaext 5% of the expression ratios in MCF-7 cells (overcxpressed genes); bright green dots indicate the lowest 2%, and dark green dots the next 5% of tlie expression ratios 
(undercxpressed genes* the rest of the observations are shown with black crosses. The chromosome numbers arc shown at the bottom of the figure, and chromosome boundaries are 
indicated whh a dashed line. 



s\on is most significantly associated with amplification of the corre- 
sponding genomic template. 

MATERIALS AND METHODS 

Breast Cancer Cell Lines. Fourteen breast cancer cell lines (BT-20, BT- 
474, HCC1428, Hs578t, MCF7, MDA-361, MDA-436, MDA-453, MDA-468, 
SKBR-3, T-47D, UACC812, ZR-75-1, and ZR-75-30) were obtained from the 
American Type Culture Collection (Manassas, VA). Cells were grown under 
recommended culture conditions. Genomic DNA and mRNA were isolated 
using standard protocols. 

Copy Number and Expression Analyses by cDNA Microarrays. The 
preparation and printing of the 13,824 cDNA clones on glass slides were 
performed as described (1 1-1 3). Of these clones, 244 represented uncharac- 
terized expressed sequence tags, and the remainder corresponded to known 
genes. CGH experiments on cDNA microarrays were done as described (14, 
15). Briefly, 20 u-g of genomic DNA from breast cancer cell lines and normal 
human WBCs were digested for 14-18 h with Ahl and Rsal (Life Technol- 
ogies, Inc., Rockville, MD) and purified by phenol/chloroform extraction. Six 
fig of digested cell line DNAs were labeled with Cy3-dUTP (Amersham 
Pharmacia) and normal DNA with Cy5-dUTP (Amersham Pharmacia) using 
me Bioprime Labeling kit (Life Technologies, Inc.). Hybridization (1 4, 1 5) and 
posthybridization washes (13) were done as described. For the expression 
analyses, a standard reference (Universal Human Reference RNA; Stratagene, 
La Jolla, CA) was used in all experiments. Forty ug of reference RNA were 
labeled with Cy3-dUTP and 3.5 jxg of test mRNA with Cy5-dUTP, and the 
labeled cDNAs were hybridized on microarrays as described (13, 15). For both 
microarray analyses, a laser confocal scanner (Agilent Technologies, Palo 
Alto, CA) was used to measure the fluorescence intensities at the target 
locations using the DEARRAY software (16). After background subtraction, 
average intensities at each clone in the test hybridization were divided by the 
average intensity of the corresponding clone in the control hybridization. For 
the copy number analysis, the ratios were normalized on the basis of the 
distribution of ratios of all targets on the array and for the expression analysis 
on the basis of 88 housekeeping genes, which were spotted four times onto the 
array. Low quality measurements (/.*., copy number data with mean reference 
intensity <100 fluorescent units, and expression data with both test and 
reference intensity <100 fluorescent units and/or with spot size <50 units) 
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were excluded from the analysts and were treated as missing values. The 
distributions of fluorescence ratios were used to define cutpoints for increased/ 
decreased copy number. Genes with CGH ratio >1.43 (representing the upper 
5% of the CGH ratios across all experiments) were considered to be amplified, 
and genes with ratio <0.73 (representing the lower 5%) were considered to be 
deleted. 

Statistical Analysis of CGH and cDNA Microarray Data. To evaluate 
the influence of copy number alterations on gene expression, we applied the 
following statistical approach. CGH and cDNA calibrated intensity ratios were 
log-transformed and normalized using median centering of the values m each 
cell line. Furthermore, cDNA ratios for each gene across all 14 cell lines were 
median centered. For each gene, the CGH data were represented by a vector 
that was labeled 1 for amplification (ratio, >K43) and 0 for no amplification. 
Amplification was correlated with gene expression using the signal-to-noise 
statistics (1). We calculated a weight, w r for each gene as follows: 

m,, ~ m^ 

where m gl , tr xl and o^ denote the means and SDs for the expression 
levels for amplified and oonamplitied cell lines, respectively. To assess the 
statistical significance of each weight, we performed 10,000 random permu- 
tations of the label vector. The probability that a gene had a larger or equal 
weight by random permutation than the original weight was denoted by a. A 
low a (<0.05) indicates a strong association between gene expression and 
amplification. 

Genomic Localization of cDNA Clones and Amplicon Mapping. Each 
cDNA clone on the microarray was assigned to a Unigene cluster using the 
Unigene Build 141. 6 A database of genomic sequence alignment information 
for mRNA sequences was created from the August 2001 freeze of the Uni- 
versity of California Santa Cruz's GoldenPath database. 7 The chromosome and 
bp positions for each cDNA clone were then retrieved by relating these data 
sets. Amplicons were defined as a CGH copy number ratio >2.0 in at least two 
adjacent clones in two or more cell lines or a CGH ratio >2.0 in at least three 
adjacent clones in a single cell line. The amplicon start and end positions were 



6 Internet address: bttp://re«earch.iihgrLnib.^ 

7 Internet address: www.gcnome.ucsc.edu. 
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Table I Summary of independent amplicons in 14 breast cancer cell lines by 



CGH microarray 


Location 


Start (Mb) 


End (Mb) 


Size (Mb) 
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132.94 
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Ml 25 


3 J 


lq22 


179.28 


1 79.57 
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74.66 
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CGH were validated, with lq21, 17ql2-q21.2, 17q22-q23, 20ql3.1, 
and 20ql3.2 regions being most commonly amplified. Furthermore, 
the boundaries of these amplicons were precisely delineated. In ad- 
dition, novel amplicons were identified at 9pl3 (38.65-39.25 Mb), 
and 17q213 (52.47-55.80 Mb). 

Direct Identification of Putative Amplification Target Genes. 
The cDNA/CGH microarray technique enables the direct correla- 
tion of copy number and expression data on a gene-by-gene basis 
throughout the genome. We directly annotated high-resolution 
CGH plots with gene expression data using color coding. Fig. 2C 
shows that most of the amplified genes in the MCF-7 breast cancer 
cell line at lpl3, 17q22-q23, and 20ql3 were highly overex- 
pressed. A view of chromosome 7 in the MDA-468 cell line 
implicates EGFR as the most highly overexpTessed and amplified 
gene at 7pl l-pl2 (Fig. IA). In BT-474, the two known amplicons 
at 17ql2 and 17q22-q23 contained numerous highly overex- 
pressed genes (Fig. 3B). In addition, several genes, including the 
homeobox genes HOXB2 and HOXB7, were highly amplified in a 
previously undescribed independent amplicon at 17q21.3. HOXB7 
was systematically amplified (as validated by FISH, Fig. 35, inset) 
as well as overexpressed (as verified by RT-PCR, data not shown) 
in BT-474, UACC812, and ZR-75-30 cells. Furthermore, this novel 



extended to include neighboring nonamplified clones (ratio, <l.S). The am- 
plicon size determination was partially dependent on local clone density. 

FISH. Dual-color interphase FISH to breast cancer cell lines was done as ** 
described (17). Bacterial artificial chromosome clone RPH-361K8 was la- 
beled with SpectrumOrange (Vysis, Downers Grove, IL), and Spccrrunv 
Orange-labeled probe for EGFR was obtained from Vysis. SpectrumGreen- ^ 
labeled chromosome 7 and 17 centromere probes (Vysis) were used as a ]5 
reference. A tissue microarray containing 612 formalin-fixed, paraffin-embed- £ 
ded primary breast cancers (17) was applied in FISH analyses as described | 
( 1 8). The use of these specimens was approved by the Ethics Committee of the >, 
University of Basel and by the NIH. Specimens containing a 2-fold or higher g 
increase in the number of test probe signals, as compared with corresponding 
centromere signals, in at least 10% of the tumor cells were considered to be 
amplified. Survival analysis was performed using the Kaplan-Meier method 
and the log-rank test. 

RT-PCR. The HOXB7 expression level was determined relative to 
GAP OH, Reverse transcription and PCR amplification were performed using 
Access RT-PCR System (Promega Corp., Madison, Wl) with 1 0 ng of mRN A 
as a template. HOXB7 primers were 5 '-GAGCAGAGGG ACTCGG ACTT-3 ' 
and 5 '-GCGTCAGGTAGCG ATTGTAG 3 ' . 

b 

RESULTS 

Global Effect of Copy Number on Gene Expression. 13,824 
arrayed cDNA clones were applied for analysis of gene expression ? 
and gene copy number (CGH microarrays) in 14 breast cancer cell | 
lines. The results illustrate a considerable influence of copy number | 
on gene expression patterns. Up to 44% of the highly amplified 
transcripts (CGH ratio, >2.5) were overexpressed (i.e„ belonged to o 
the global upper 7% of expression ratios), compared with only 6% for 
genes with normal copy number levels (Fig. 1 A). Conversely, 10.5% 
of the transcripts with high-level expression (cDNA ratio, >10) 
showed increased copy number (Fig. IB). Low-level copy number 
increases and decreases were also associated with similar, although 
less dramatic, outcomes on gene expression (Fig. 1). 

Identification of Distinct Breast Cancer Amplicons. Base-pair 
locations obtained for 1 1,994 cDNAs (86.8%) were used to plot copy 
number changes as a function of genomic position (Fig. 2, Supple- 
ment Fig. A). The average spacing of clones throughout the genome 
was 267 kb. This high-resohition mapping identified 24 independent 
breast cancer amplicons, spanning from 0.2 to 12 Mb of DNA (Table 
1). Several amplification sites detected previously by chromosomal 
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Fig. 3. Annotalion of gene expression data on CGH microarray profiles. A, genes in the 
7 P 1 J-p!2 amplicon in the MDA-468 cell lino are highly expressed (red dots) and include 
the EGFR oncogene. B, several genes in the 17ql2, 17q2l.3, and I7q23 amplicons m the 
BT-474 breast cancer cell line are highly overexpressed (red) and include the HOXB7 
gene. The data labels and color coding are as indicated for Fig. 2C Insets show 
chromosomal CGH profiles for the corresponding chromosomes and validation of the 
increased copy number by interphase FISH using EGFR (red) and chromosome 7 
centromere probe (green) to MDA-468 (A) and *YOAB7-speciGc probe {red) and chro- 
mosome 17 centromere {green) to BT-474 cells (By 
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Fig. 4. list of 50 genes with a statistically 
significant correlation (o value <0.05) between 
gene copy number and gene expression. Name, 
chromosomal location, and the a value for each 
gene are indicated. The genes have been ordered 
according to their position in the genome. The color 
maps on the right illustrate the copy number and 
expression ratio patterns in the 14 cell lines. The 
key to the color code is shown at the bottom of the 
graph. Gray squares, missing values. The complete 
list of 270 genes is shown in supplemental Fig. B. 
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amplification was validated to be present in 10.2% of 363 primary 
breast cancers by FISH to a tissue microarray and was associated 
with poor prognosis of the patients {P - 0.001). 

Statistical Identification and Characterization of 270 Highly 
Expressed Genes in Amplicons. Statistical comparison of expres- 
sion levels of all genes as a function of gene amplification identified 
270 genes whose expression was significantly influenced by copy 
number across all 14 cell lines (Fig. 4, Supplemental Fig. B). Accord- 
ing to the gene ontology data, 8 91 of the 270 genes represented 
hypothetical proteins or genes with no functional annotation, whereas 
179 had associated functional information available. Of these, 151 
(84%) are implicated in apoptosis, cell proliferation, signal transduc- 
tion, and transcription, whereas 28 (16%) had functional annotations 
that could not be directly linked with cancer. 



DISCUSSION 

The importance of recurrent gene and chromosome copy number 
changes in the development and progression of solid tumors has been 
characterized in >1000 publications applying CGH 9 (9, 10), as well 
as in a large number of other molecular cytogenetic, cytogenetic, and 
molecular genetic studies. The effects of these somatic genetic 
changes on gene expression levels have remained largely unknown, 
although a few studies have explored gene expression changes occur- 
ring in specific amplicons (15, 19-21). Here, we applied genome- 
wide cDNA microarrays to identify transcripts whose expression 
changes were attributable to underlying gene copy number alterations 
in breast cancer. 

The overall impact of copy number on gene expression patterns was 
substantial with the most dramatic effects seen in the case of high- 



Internet address; http://www.gcneontology.or0/ 



9 Internet address: hopy/www.ncbLnlm.nih-gov/entre2. 
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level copy number increase. Low-level copy number gains and losses between HOXB7 amplification and poor patient prognosis. Overall, 
also had a significant influence on expression levels of genes in the our results illustrate how the identification of genes activated by 
regions affected, but these effects were more subtle on a gene-by-gene gene amplification provides a powerful approach to highlight 
basis than those of high-level amplifications. However, the impact of genes with an important role in cancer as well as to prioritize and 
low-level gains on the dysregulation of gene expression patterns in validate putative targets for therapy development, 
cancer may be equally important if not more important than that of 
high-level amplifications. Aneuploidy and low-level gains and losses 
of chromosomal arms represent the most common types of genetic 
alterations in breast and other cancers and, therefore, have an influ- 
ence on many genes. Our results in breast cancer extend the recent 
studies on the impact of aneuploidy on global gene expression pat- 
terns in yeast cells, acute myeloid leukemia, and a prostate cancer 
model system (22-24). 

The CGH microarray analysis identified 24 independent breast 
cancer amplicons. We defined the precise boundaries for many am- 
plicons detected previously by chromosomal CGH (9, 10, 25, 26) and 
also discovered novel amplicons that had not been detected previ- 
ously, presumably because of their small si2e (only 1-2 Mb) or close 
proximity to other larger amplicons. One of these novel amplicons 
involved the homeobox gene region at 17q21.3 and led to the over- 
expression of the HOXB7 and HOXB2 genes. The homeodomain 
transcription factors are known to be key regulators of embryonic 
development and have been occasionally reported to undergo aberrant 
expression in cancer (27, 28). HOXB7 transfection induced cell pro- 
liferation in melanoma, breast, and ovarian cancer cells and increased 
tumorigenicity and angiogenesis in breast cancer (29-32). The pres- 
ent results imply that gene amplification may be a prominent mech- 
anism for overexpressing HOXB7 in breast cancer and suggest that 
HOXB7 contributes to tumor progression and confers an aggressive 
disease phenotype in breast cancer. This view is supported by our 
finding of amplification of HOXB7 in 10% of 363 primary breast 
cancers, as well as an association of amplification with poor prognosis 
of the patients. 

We carried out a systematic search to identify genes whose 
expression levels across all 14 cell lines were attributable to 
amplification status. Statistical analysis revealed 270 such genes 
(representing -2% of all genes on the array), including not only 
previously described amplified genes, such as HER-2, MYC> 
EGFR, ribosomal protein s6 kinase, and AIB3, but also numerous 
novel genes such as NRAS-r elated gene (lp!3), syndecan-2 (Sq22), 
and bone morphogenic protein (20ql3.1), whose activation by 
amplification may similarly promote breast cancer progression. 
Most of the 270 genes have not been implicated previously in 
breast cancer development and suggest novel pathogenetic mech- 
anisms. Although we would not expect all of them to be causally 
involved, it is intriguing that 84% of the genes with associated 
functional information were implicated in apoptosis, cell prolifer- 
ation, signal transduction, transcription, or other cellular processes 
that could directly imply a possible role in cancer progression. 
Therefore, a detailed characterization of these genes may provide 
biological insights to breast cancer progression and might lead to 
the development of novel therapeutic strategies. 

In summary, we demonstrate application of cDNA microarrays 
to the analysis of both copy number and expression levels of over 
12,000 transcripts throughout the breast cancer genome, roughly 
once every 267 kb. This analysis provided: (a) evidence of a 
prominent global influence of copy number changes on gene 
expression levels; (b) a high-resolution map of 24 independent 
amplicons in breast cancer; and (c) identification of a set of 270 
genes, the overexpression of which was statistically attributable to 
gene amplification. Characterization of a novel amplicon at 
17q2 1.3 implicated amplification and overexpression of the 
HOXB7 gene in breast cancer, including a clinical association 
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Genomic DNA copy number alterations are key genetic events in 
the development and progression of human cancers. Here we 
report a genome-wide microarray comparative genomic hybrid- 
ization (array CGH) analysis of DNA copy number variation in 
a series of primary human breast tumors. We have profiled DNA 
copy number alteration across 6,691 mapped human genes, in 44 
predominantly advanced, primary breast tumors and 10 breast 
cancer cell lines. While the overall patterns of DNA amplification 
and deletion corroborate previous cytogenetic studies, the high- 
resolution (gene-by-gene) mapping of amplicon boundaries and 
the quantitative analysis of amplicon shape provide significant 
improvement in the localization of candidate oncogenes. Parallel 
microarray measurements of mRNA levels reveal the remarkable 
degree to which variation in gene copy number contributes to 
variation in gene expression in tumor cells. Specifically, we find 
that 62% of highly amplified genes show moderately or highly 
elevated expression, that DNA copy number influences gene ex- 
pression across a wide range of DNA copy number alterations 
(deletion, low-, mid- and high-level amplification), that on average, 
a 2-fold change in DNA copy number Is associated with a corre- 
sponding 1.5-fold change in mRNA levels, and that overall, at least 
12% of all the variation in gene expression among the breast 
tumors is directly attributable to underlying variation in gene copy 
number. These findings provide evidence that widespread DNA 
copy number alteration can lead directly to global deregulation of 
gene expression, which may contribute to the development or 
progression of cancer. 

Conventional cytogenetic techniques, including comparative 
genomic hybridization (CGH) (1), have led to the identifi- 
cation of a number of recurrent regions of DNA copy number 
alteration in breast cancer cell lines and tumors (2-4). While 
some of these regions contain known or candidate oncogenes 
[e.g., FGFR1 (8pll), MYC (8q24), CCND1 (llql3), ERBB2 
(17ql2), and ZNF217 (20ql3)j and tumor suppressor genes 
[RBI (13ql4) and TP53 (17p33)], the relevant gene(s) within 
other regions (e.g., gain of lq, 8q22, and 17q22-24, and loss of 
8p) remain to be identified. A high-resolution genome-wide 
map, delineating the boundaries of DNA copy number alter- 
ations in tumors, should facilitate the localization and identifi- 
cation of oncogenes and tumor suppressor genes in breast 
cancer. In this study, we have created such a map, using 
array-based CGH (5-7) to profile DNA copy number alteration 
in a series of breast cancer cell lines and primary tumors. 

An unresolved question is the extent to which the widespread 
DNA copy number changes that we and others have identified 
in breast tumors alter expression of genes within involved 
regions. Because we had measured mRNA levels in parallel in 
the same samples (8), using the same DNA microarrays, we had 
an opportunity to explore on a genomic scale the relationship 
between DNA copy number changes and gene expression. From 



this analysis, we have identified a significant impact of wide- 
spread DNA copy number alteration on the transcriptional 
programs of breast tumors. 

Materials and Methods 

Tumors and Cell Lines, Primary breast tumors were predominantly 
large (>3 cm), intermediate-grade, infiltrating ductal carcino- 
mas, with more than 50% being lymph node positive. The 
fraction of tumor cells within specimens averaged at least 50%. 
Details of individual tumors have been published (8, 9), and 
are summarized in Table 1, which is published as supporting 
information on the PNASweb site, www.pnas.org. Breast cancer 
cell lines were obtained from the American Type Culture 
Collection. Genomic DNA was isolated either using Qiagen 
genomic DNA columns, or by phenol/chloroform extraction 
followed by ethanol precipitation. 

DNA Labeling and Microarray Hybridizations. Genomic DNA label- 
ing and hybridizations were performed essentially as described 
in Pollack et al. (7), with slight modifications. Two micrograms 
of DNA was labeled in a total volume of 50 microliters and the 
volumes of all reagents were adjusted accordingly. 'Test" DNA 
(from tumors and cell lines) was fluorescently labeled (Cy5) and 
hybridized to a human cDNA microarray containing 6,691 
different mapped human genes (i.e., UniGene clusters). The 
"reference" (labeled with Cy3) for each hybridization was nor- 
mal female leukocyte DNA from a single donor. The fabrication 
of cDNA microarrays and the labeling and hybridization of 
mRNA samples have been described (8). 

Data Analysis and Map Positions. Hybridized arrays were scanned 
on a GenePix scanner (Axon Instruments, Foster City, CA), and 
fluorescence ratios (test/reference) calculated using scanalyze 
software (available at http://rana.lbl.gov). Fluorescence ratios 
were normalized for each array by setting the average log 
fluorescence ratio for all array elements equal to 0. Measure- 
ments with fluorescence intensities more than 20% above back- 
ground were considered reliable. DNA copy number profiles 
that deviated significantly from background ratios measured in 
normal genomic DNA control hybridizations were interpreted as 
evidence of real DNA copy number alteration (see Estimating 
Significance of Altered Fluorescence Ratios in the supporting 
information). When indicated, DNA copy number profiles are 
displayed as a moving average (symmetric 5-nearest neighbors). 
Map positions for arrayed human cDNAs were assigned by 
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identifying the starting position of the best and longest match of 
any DNA sequence represented in the corresponding UniGene 
duster (10) against the "Golden Path" genome assembly 
(http://genome.ucsc.edu/; Oct 7, 2000 Freeze). For UniGene 
clusters represented by multiple arrayed elements, mean fluo- 
rescence ratios (for all elements representing the same UniGene 
cluster) are reported. For mRNA measurements, fluorescence 
ratios are "mean-centered" (i.e., reported relative to the mean 
ratio across the 44 tumor samples). The data set described here 
can be accessed in its entirety in the supporting information. 

Results 

We performed CGH on 44 predominantly locally advanced, 
primary breast tumors and 10 breast cancer cell lines, using 
cDNA microarrays containing 6,691 different mapped human 
genes (Fig. la; also see Materials and Methods for details of 
microarray hybridizations). To take full advantage of the im- 
proved spatial resolution of array CGH, we ordered (fluores- 
cence ratios for) the 6,691 cDNAs according to the "Golden 
Path" (http://gcnome.ucsc.edu/) genome assembly of the draft 
human genome sequences (11). In so doing, arrayed cDNAs not 
only themselves represent genes of potential interest (e.g., 
candidate oncogenes within amplicons), but also provide precise 
genetic landmarks for chromosomal regions of amplification and 



deletion. Parallel analysis of DNA from ceU lines containing 
different numbers of X chromosomes (Fig. Ifr), as we did before 
(7) demonstrated the sensitivity of our method to detect single- 
copy loss (45, XO), and 1.5- (47,XXX), 2- (4S\XXXX), or 
2.5-fold (49,XXXXX) gains (also see Fig. 5, which is published 
as supporting information on the PNAS web site). Fluorescence 
ratios were Iinearry proportional to copy number ratios, which 
were slightly underestimated, in agreement with previous ob- 
servations (7). Numerous DNA copy number alterations were 
evident in both the breast cancer cell lines and primary tumors 
(Fig. la), detected in the tumors despite the presence of euploid 
non-tumor cell types; the magnitudes of the observed changes 
were generally lower in the tumor samples. DNA copy-number 
alterations were found in every cancer cell line and tumor, and 
on every human chromosome in at least one sample. Recurrent 
regions of DNA copy number gain and loss were readily iden- 
tifiable. For example, gains within Iq, 8q, 17q, and 20q were 
observed in a high proportion of breast cancer cell lines/tumors 
(90%/69%, 100%/47%, 100%/60%, and 90%/44%, respective- 
ly), as were losses within lp, 3p, 8p, and 13q (80%/24%, 
80%/22%, 80%/22%, and 70%/18%, respectively), consistent 
with published cytogenetic studies (refs. 2-4; a complete listing 
of gains/losses is provided in Tables 2 and 3, which are published 
as supporting information on the PNAS web site). The total 
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number of genomic alterations (gains and losses) was found to 
be significantly higher in breast tumors that were high grade (P - 
0.008), consistent with published CGH data (3), estrogen recep- 
tor negative {P ** 0.04), and harboring TP53 mutations (P « 
0.0006) (sec Table 4, which is published as supporting informa- 
tion on the PNAS web site). 

The improved spatial resolution of our array CGH analysis is 
illustrated for chromosome 8, which displayed extensive DNA 
copy number alteration in our series. A detailed view of the 
variation in the copy number of 241 genes mapping to chromo- 
some 8 revealed multiple regions of recurrent amplification; 
each of these potentially harbors a different known or previously 
uncharacterized oncogene (Fig. 2a). The complexity of amplicon 
structure is most easily appreciated in the breast cancer cell line 
SKBR3. Although a conventional CGH analysis of 8q in SKBR3 
identified only two distinct regions of amplification (12), we 
observed three distinct regions of high-level amplification (la- 
beled 1-3 in Fig. lb). For each of these regions we can define the 



boundaries of the interval recurrently amplified in the tumors we 
examined; in each case, known or plausible candidate oncogenes 
can be identified (a description of these regions, as well as the 
recurrently amplified regions on chromosomes 17 and 20, can be 
found in Figs. 6 and 7, which are published as supporting 
information on the PNAS web site)- 

For a subset of breast cancer cell lines and tumors (4 and 37, 
respectively), and a subset of arrayed genes (6,095), mRNA 
levels were quantitatively measured in parallel by using cDNA 
microarrays (8). The parallel assessment of mRNA levels is 
useful in the interpretation of DNA copy number changes. For 
example, the highly amplified genes that are also highly ex- 
pressed are the strongest candidate oncogenes within an ampli- 
con. Perhaps more significantly, our parallel analysis of DNA 
copy number changes and mRNA levels provides us the oppor- 
tunity to assess the global impact of widespread DNA copy 
number alteration on gene expression in tumor cells. 

A strong influence of DNA copy number on gene expression 
is evident in an examination of the pseudocolor representations 
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of DNA copy number and mRNA levels for genes on chromo- 
some 17 (Fig. 3). The overall patterns of gene amplification and 
elevated gene expression are quite concordant; Le., a significant 
fraction of highly amplified genes appear to be correspondingly 
highly expressed. The concordance between high-level amplifi- 
cation and increased gene expression is not restricted to chro- 
mosome 17. Genome-wide, of 117 high-level DNA amplifica- 
tions (fluorescence ratios >4, and representing 91 different 
genes), 62% (representing 54 different genes; see Table 5, which 
is published as supporting information on the PNAS web site) 
are found associated with at least moderately elevated mRNA 
levels (mean-centered fluorescence ratios >2), and 42% (rep- 
resenting 36 different genes) are found associated with compa- 
rably highly elevated mRNA levels (mean-centered fluorescence 
ratios >4). 

To determine the extent to which DNA deletion and lower- 
level amplification (in addition to high-level amplification) are 
also associated with corresponding alterations in mRNA levels, 
we performed three separate analyses on the complete data set 
(4 cell lines and 37 tumors, across 6,095 genes). First, we 
determined the average mRNA levels for each of five classes 
of genes, representing DNA deletion, no change, and low-, 
medium-, and high-level amplification (Fig. 4a). For both the 



breast cancer cell lines and tumors, average mRNA levels 
tracked with DNA copy number across all five classes, in a 
statistically significant fashion (P values for pair-wise Student's 
t tests comparing adjacent classes: cell lines, 4 X 10~ 4 *, 1 x 10~ 49 , 
5 x 10- j , 1 x 10-*; tumors, 1 x 10~ 43 , 1 x H)-* 4 , 5 x l<r 4 \ 
1 x 10~ 4 ). A linear regression of the average Iog(DNA copy 
number), for each class, against average log(mRNA level) 
demonstrated that on average, a 2-fold change in DNA copy 
number was accompanied by 1.4- and 1.5-fold changes in mRNA 
level for the breast cancer cell lines and tumors, respectively (Fig. 
4<i, regression line not shown). Second, we characterized the 
distribution of the 6,095 correlations between DNA copy num- 
ber and mRNA level, each across the 37 tumor samples (Fig. 4b). 
The distribution of correlations forms a normal-shaped curve, 
but with the peak markedly shifted in the positive direction from 
zero. This shift is statistically significant, as evidenced in a plot 
of observed vs. expected correlations (Fig. 4c), and reflects a 
pervasive global influence of DNA copy number alterations on 
gene expression. Notably, the highest correlations between DNA 
copy number and mRNA level (the right tail of the distribution 
in Fig. 46) comprise both amplified and deleted genes (data not 
shown). Third, we used a linear regression model to estimate the 
fraction of all variation measured in mRNA levels among the 37 
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tumors that could be attributed to underlying variation in DNA 
copy number. From this analysis, we estimate that, overall, about 
7% of all of the observed variation in mRNA levels can be 
explained directly by variation in copy number of the altered 
genes (Fig. Ad). We can reduce the effects of experimental 
measurement error on this estimate by using only that fraction 
of the data most reliably measured (fluorescence intensity/ 
background >3); using that data, our estimate of the percent 
variation in mRNA levels directly attributed to variation in gene 
copy number increases to 12% (Fig. 4d). This still undoubtedly 
represents a significant underestimate, as the observed variation 
in global gene expression is affected not only by true variation in 
the expression programs of the tumor cells themselves, but also 
by the variable presence of non-tumor cell types within clinical 
samples. 

Discussion 

This genome-wide, array CGH analysis of DNA copy number 
alteration in a series of human breast tumors demonstrates the 
usefulness of defining amplicon boundaries at high resolution 
(gene-by-gene), and quantitatively measuring amplicon shape, to 
assist in locating and identifying candidate oncogenes. By ana- 
lyzing mRNA levels in parallel, we have also discovered that 
changes in DNA copy number have a large, pervasive, direct 
effect on global gene expression patterns in both breast cancer 



cell lines and tumors. Although the DNA tnicroarrays used in our 
analysis may display a bias toward characterized and/or highly 
expressed genes, because we are examining such a large fraction 
of the genome (approximately 20% of all human genes), and 
because, as detailed above, we are likely underestimating the 
contribution of DNA copy number changes to altered gene 
expression, we believe our findings are likely to be generalizable 
(but would nevertheless still be remarkable if only applicable to 
this set of -6,100 genes). 

In budding yeast, aneuploidy has been shown to result in 
chromosome-wide gene expression biases (13). Two recent 
studies have begun to examine the global relationship between 
DNA copy number and gene expression in cancer cells. In 
agreement with our findings, Phillips et aL (14) have shown that 
with the acquisition of tumorigenicity in an immortalized pros- 
tate epithelial cell line, new chromosomal gains and losses 
resulted in a statistically significant respective increase and 
decrease in the average expression level of involved genes. In 
contrast, Platzer et al (15) recently reported that in metastatic 
colon tumors only -4% of genes within amplified regions were 
found more highly (>2-fold) expressed, when compared with 
normal colonic epithelium. This report differs substantially from 
our finding that 62% of highly amplified genes in breast cancer 
exhibit at least 2-fold increased expression. These contrasting 
findings may reflect methodological differences between the 
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studies. For example, the study of Platzer et al. (15) may have 
systematically under-measured gene expression changes. In this 
regard it is remarkable that only 14 transcripts of many thousand 
residing within unamplified chromosomal regions were found to 
exhibit at least 4-fold altered expression in metastatic colon 
cancer. Additionally, their reliance on lower-resolution chromo- 
somal CGH may have resulted in poorly delimiting the bound- 
aries of high-complexity amplicons, effectively overcalling re- 
gions with amplification. Alternatively, the contrasting findings 
for amplified genes may represent real biological differences 
between breast and metastatic colon tumors; resolution of this 
issue will require further studies. 

Our finding that widespread DN A copy number alteration has 
a large, pervasive and direct effect on global gene expression 
patterns in breast cancer has several important implications. 
First, this finding supports a high degree of copy number- 
dependent gene expression in tumors. Second, it suggests that 
most genes are not subject to specific autoregulation or dosage 
compensation. Third, this finding cautions that elevated expres- 
sion of an amplified gene cannot alone be considered strong 
independent evidence of a candidate oncogene's role in tumor- 
igenesis. In our study, fully 62% of highly amplified genes 
demonstrated moderately or highly elevated expression. This 
highlights the importance of high-resolution mapping of ampli- 
con boundaries and shape [to identify the "driving" gene(s) 
within amplicons (16)], on a large number of samples, in addition 
to functional studies. Fourth, this finding suggests that analyzing 
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the genomic distribution of expressed genes, even within existing 
microarray gene expression data sets, may permit the inference 
of DNA copy number aberration, particularly aneuploidy (where 
gene expression can be averaged across large chromosomal 
regions; see Fig. 3 and supporting information). Fifth, this 
finding implies that a substantial portion of the phenotypic 
uniqueness (and by extension, the heterogeneity in clinical 
behavior) among patients* tumors may be traceable to underly- 
ing variation in DNA copy number. Sixth, this finding supports 
a possible role for widespread DNA copy number alteration in 
tumorigencsis (17, 18), beyond the amplification of specific 
oncogenes and deletion of specific tumor suppressor genes. 
Widespread DNA copy number alteration, and the concomitant 
widespread imbalance in gene expression, might disrupt critical 
stochioraetric relationships in cell metabolism and physiology 
(e.g., proteosome, mitotic spindle), possibly promoting further 
chromosomal instability and directly contributing to tumor 
development or progression. Finally, our findings suggest the 
possibility of cancer therapies that exploit specific or global 
imbalances in gene expression in cancer. 
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Each year, over 182,000 women in the United States are 
diagnosed with breast cancer, and approximately 45,000 die 
of the disease. 1 Incidence appears to be increasing in the 
United States at a rate of roughly 2% per year. The reasons 
for the increase are unclear, but non-genetic risk factors appear 
to play a large role. 2 

Five-year survival rates range from approximately 65%- 
85%, depending on demographic group, with a significant 
percentage of women experiencing recurrence of their cancer 
within 10 years of diagnosis. One of the factors most predic- 
tive for recurrence once a diagnosis of breast cancer has been 
made is the number of axillary lymph nodes to which tumor 
has metastasized. Most node-positive women are given adju- 
vant therapy, which increases their survival. However, 20%- 
30% of patients without axillary node involvement also 
develop recurrent disease, and the difficulty lies in how to iden- 
tify this high-risk subset of patients. These patients could 
benefit from increased surveillance, early intervention, and 
treatment. 

Prognostic markers currently used in breast cancer recur- 
rence prediction include tumor size, histological grade, steroid 
hormone receptor status, DNAploidy, proliferative index, and 
cathepsin D status. Expression of growth factor receptors and 
over-expression of the HER-2/neu oncogene have also been 
identified as having value regarding treatment regimen and 
prognosis. 1 

HER-2/neu (also known as c-erbB2) is an oncogene that 
encodes a transmembrane glycoprotein that is homologous 
to, but distinct from, the epidermal growth factor receptor. 
Numerous studies have indicated that high levels of expres- 
sion of this protein are associated with rapid tumor growth, 
certain forms of therapy resistance, and shorter disease-free 
survival. The gene has been shown to be amplified and/or 
overexpressed in 10%-30% of invasive breast cancers and in 
40%-60% of intraductal breast carcinoma. 3 

There are two distinct FDA-approved methods by which 
HER-2/neu status can be evaluated: immunohistochemistry 
(1HC, HercepTest™) and FISH (fluorescent in situ hybridiza- 
tion, PathVysion™ Kit). Both methods can be performed on 
archived and current specimens. The first method allows visual 
assessment of the amount of HER-2/neu protein present on 
the cell membrane. The latter method allows direct quantifi- 
cation of the level of gene amplification present in the rumor, 
enabling differentiation between low- versus high-amplifica- 
tidh. At least one study has demonstrated a difference in 



recurrence risk in women younger than 40 years of age for 
low- versus high-amplified tumors (54.5% compared to 
85.7%); this is compared to a recurrence rate of 16.7% for 
patients with no HER-2/neu gene amplification. 4 HER-2/neu 
status may be particularly important to establish in women with 
small (<1 cm) tumor size. 

The choice of methodology for determination of HER-2/ 
neu status depends in part on the clinical setting. FDA approval 
for the Vysis FISH test was granted based on clinical trials 
involving 1 549 node-positive patients. Patients received one 
of three different treatments consisting of different doses of 
cyclophosphamide, Adriamycin, and 5-fluorouracil (CAF). 
The study showed that patients with amplified HER-2/neu 
benefited from treatment with higher doses of adriamycin- 
based therapy, while those with normal HER-2/neu levels did 
not. The study therefore identified a sub-set of women, who 
because they did not benefit from more aggressive treatment, 
did not need to be exposed to the associated side effects. In 
addition, other evidence indicates that HER-2/neu amplifica- 
tion in node-negative patients can be used as an independent 
prognostic indicator for early recurrence, recurrent disease at 
any time and disease-related death. 5 Demonstration of HER- 
2/neu gene amplification by FISH has also been shown to be 
of value in predicting response to chemotherapy in stage-2 
breast cancer patients. 

Selection of patients for Herceptin* 0 (Trastuiumab) mono- 
clonal antibody therapy, however, is based upon demonstra- 
tion of HER-2/neu protein overexpression using HercepTest™. 
Studies using Herceptin 0 in patients with metastatic breast 
cancer show an increase in time to disease progression, 
increased response rate to chemotherapeutic agents and a small 
increase in overall survival rate. The FISH assays have not yet 
been approved for this purpose, and studies looking at response 
to Herceptin c in patients with or without gene amplification 
status determined by FISH are in progress. 

In general, FISH and IHC results correlate well. However, 
subsets of tumors are found which show discordant results; 
i.e., protein overexpression without gene amplification or lack 
of protein overexpression with gene amplification. The clini- 
cal significance of such results is unclear. Based on the above 
considerations, HER-2/neu testing at SHMC/PAML will uti- 
lize immunohistochemistry (HercepTest 0 ) as a screen, fol- 
lowed by FISH in IHC-negative cases. Alternatively, either 
method may be ordered individually depending on the clini- 
cal setting or clinician preference. 



AUGUST 1999 



CPT code information 

HER-2/neu via IHC 

88342 (including interpretive report) 

HER-2/neu via FISH 

88271 *2 Molecular cytogenetics, DNA probe, each 
88274 Molecular cytogenetics, interphase in situ hybrid- 
ization, analyze 25-99 cells 
8829 i Cytogenetics and molecular cytogenetics, interpre- 
tation and report 

Procedural Information 

Immunohistochemistry is performed using the FDA-approved 
DAKO antibody kit, Herceptest 0 . The DAKO kit contains 
reagents required to complete a two-step immunohisto- 
chemical staining procedure for.routinely processed, paraffin- 
embedded specimens. Following incubation with the primary 
rabbit antibody to human HER-2/neu protein, the kit employs 
a ready-to-use dextran-based visualization reagent. This re- 
agent consists of both secondary goat anti-rabbit antibody 
molecules with horseradish peroxidase molecules linked to a 
common dextran polymer backbone, thus eliminating the need 
for sequential application of link antibody and peroxidase 
conjugated antibody. Enzymatic conversion ef the subse- 
quently added chromogen results in formation of visible 
reaction product at the antigen site. The specimen is then coun- 
terstained; a pathologist using light-microscopy interprets 
results. 

FISH analysis at SHMC/PAML is performed using the 
FDA-approved Path Vysion™ HER-2/neu DNA probe kit, pro- 
duced by Vysis, Inc. Formalin fixed, paraffin-embedded breast 
tissue is processed using routine histological methods, and then 
slides are treated to allow hybridization of DNA probes to the 
nuclei present in the tissue section. The Pathvysion™ kit con- 
tains two direct-labeled DNA probes, one specific for the 
dphoid repetitive DNA (CEP 1 7, spectrum orange) present at 
the chromosome 17 centromere and the second for the HER- 
2/neu oncogene located at 1 7q 1 1 .2- 1 2 (spectrum green). Enu- 
meration of the probes allows a ratio of the number of copies 
of chromosome 17 to the number of copies of HER-2/neu to 
be obtained; this enables quantification of low versus high 
amplification levels, and allows an estimate of the percentage 
of cells with HER-2/neu gene amplification. The clinically 
relevant distinction is whether the gene amplification is due 
to increased gene copy number on the two chromosome 17 
homologues normally present or an increase in the number of 
chromosome 17s in the cells. In the majority of cases, ratio 
equivalents less than 2.0 are indicative of a normal/negative 
result, ratios of 2.1 and over indicate that amplification is 
present and to what degree. Interpretation of this data will be 
performed and reported from the Vysis-certified Cytogenet- 
ics laboratory at SHMC. 
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Genetic Instability in Epithelial 
Tissues at Risk for Cancer 
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Abstract: Epithelial tumors develop through a multistep process driven by 
genomic instability frequently associated with etiologic agents such as pro- 
longed tobacco smoke exposure or human papilloma virus (HPV) infection. 
The purpose of the studies reported here was to examine the nature of genomic 
instability in epithelial tissues at cancer risk in order to identify tissue genetic 
biomarkers that might be used to assess an individual's cancer risk and 
response to chemopreventive intervention. As part of several chemoprevention 
trials, biopsies were obtained from risk tissues (i.e., bronchial biopsies from 
chronic smokers, oral or laryngeal biopsies from individuals with premalig- 
nancy) and examined for chromosome instability using in situ hybridization. 
Nearly all biopsy specimens sh ow evidence for chromosome instability 
throughout me exposed tissue, increased chromosome i nstability was observed 
with histologic progression in the normal to tumor transition of head and neck 
squamous cell carcinomas. Chromosome instability was also seen in premalig- 
nant head and neck lesions, and high levels were associated with subsequent 
tumor development In bronchial biopsies of current smokers, the level of 
ongoing chromosome instability correlated with smoking intensity (e.g., 
packs/day), whereas the chromosome index (average number of chromosome 
copies per cell) correlated with cumulative tobacco exposure (i.e., pack-years). 
Spatial chromosome analyses of the epithelium demonstrated multifocal clonal 
outgrowths. In former smokers, random chromosome instability was reduced; 
however, clonal populations appeared to persist for many years, perhaps 
accounting for continued lung cancer risk following smoking cessation. 

Keywords: chromosome instability; epithelial cells; aerodigestive tract; 
chemoprevention; cancer risk 



THE NEED FOR BIOMARKERS OF CANCER RISK AND 
RESPONSE TO INTERVENTION 

Epithelial cancers remain a major health challenge in the world. Despite improve- 
ments in staging and the application and integration of surgery, radiotherapy, and 
chemotherapy, the 5-year survival rate for individuals with lung cancer is only about 
15%. 1 Even if strategies for early detection are successful and lung cancers 
are detected at a stage where local tumor resection and treatment is curative, 
these patients will still be at significant risk for developing second primary tumors 
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associated with the problem of field cancerization. 2 Similarly, for individuals with a 
first head and neck primary tumor, even if the first malignancy is successfully treat- 
ed, the risk of developing a second primary in the tobacco smoke-exposed field is 
approximately 40%. 3 Similar cancer risk estimates exist for individuals who exhibit 
severe dysplasia in premalignant epithelial lesions. 4 For these reasons, it is important 
to focus on chemopreventive strategies to prevent the development of epithelial 
malignancies. 

Several problems confront chemoprevention trials designed to identify effica- 
cious agents. 5 First, chemoprevention trials with cancer incidence as a primary end- 
point require tens of thousands of subjects and tens of years of intervention and 
follow-up for statistical evaluation. For example, a recently reported trial involved 
30,000 subjects and required 10 years in order to examine the impact of prevention 
strategies on lung cancer development, only to find a possible increased lung cancer 
incidence in current smokers who received p-carotene. 6 

The problem of large, long-term trials results from the difficulty in identifying 
individuals at highest cancer risk who might best benefit from chemopreventive 
intervention. For example, 20 pack-year smokers, while known to be at relatively 
increased risk for developing lung cancer, have approximately a 10% lifetime risk 
for developing lung cancer. 7 This seriously limits the number of potentially useful 
-strategies-that can be clinical^Lexplored . A second probleniiacingxhemopreye.nrion 
trials is that little is known about what agents are likely to have efficacy, and even 
less is known regarding proper doses, schedules, and durations of treatment. Part of 
the reason for this problem is that too little is known about the physiologic processes 
that drive epithelial cancer development. 

In order to reduce the number of subjects and the time required to carry out 
chemoprevention trials and thus allow the exploration of multiple prevention strate- 
gies, two types of advances are necessary. First, it is important to identify individuals 
at significantly increased cancer risk who might best benefit from different types of 
intervention. Second, in order to allow the rapid identification of agents, doses, and 
schedules of potentially efficacious agents, it is necessary to identify and validate 
surrogate endpoints of response that indicate whether the agents are having a posi- 
tive impact on the target tissue during the chemopreventive intervention. 

One approach to identifying individuals at increased aerodigestive tract cancer 
risk is to explore epidemiologic features of potential subjects. Molecular epidemio- 
logic studies are beginning to identify intrinsic host factors that place some individ- 
uals at increased cancer risk, especially those with a chronic smoking history. 8 Most 
intrinsic factors identified thus far reflect levels of carcinogen metabolism, repair 
capabilities of the host following DNA damage, and other measures of intrinsic 
cellular sensitivity to mutagens. While these factors can provide statistically signif- 
icant risk ratios in case-control studies that are controlled for tobacco exposure, the 
detected risk ratios usually fall in the range of 1.5 to 10. Unfortunately, this is not 
sufficient for the individualization of treatment and is not sufficiently high to signif- 
icantly reduce the numbers of subjects required for chemoprevention trials with 
cancer incidence as the primary endpoint. 

Another approach to identifying individuals at increased cancer risk is to directly 
examine the target tissue of individuals with known carcinogen exposure (e.g., 
chronic tobacco smoke exposure), who have evidence of target organ dysfunction 
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(e.g., chronic obstructive pulmonary disease, changes in voice quality), or who 
have clinical evidence of premalignancy (e.g., bronchial metaplasia/dysplasia, oral 
leukoplakia/erythroplakia, cervical intraepithelial neoplasia). The conventional 
standard for assessing cancer risk in these situations is the degree of histological 
change. However, while individuals who show moderate to severe dysplasia are 
known to be at increased cancer risk when compared to individuals with lesser his- 
tologic changes, it is often difficult to distinguish reactive changes to carcinogenic 
insult from initiated and progressing lesions. Similarly, upon cessation of carcino- 
genic insult, histologic changes may reverse yet cancer risk may continue for many 
years. For example, while smoking cessation is associated with decreased bronchial 
metaplasia, 9 increased lung cancer risk continues for many years beyond smoking 
cessation. 10 In fact, nearly half the newly diagnosed lung cancer cases in the USA 
occur in former smokers. 1 

The development of assays to identify individuals at high epithelial cancer risk 
and to directly assess response to intervention in the target tissue is therefore an 
important research goal. Such assays should be objective and easily quantifiable and, 
if possible, rmnimally invasive. Moreover, they should reflect both the disease pro- 
cess and the targeted pathway and thereby be useful in assessing risk and monitoring 
response to intervention as well as directly testing the hypothesized mechanism of 
action of the ch emoprev e ntive strategy. ; 

In the chemoprevention setting it is important to recognize that one does not 
know the location of the future cancer. Thus, assays must necessarily be carried out 
on random biopsies of the field at risk. Even if there are clinically evident premalig- 
nant lesions, this does not mean that this is the likely site for a future malignancy. 
For example, nearly half of the cancers that develop in individuals with oral leuko- 
plakia arise away from the original index lesion. Similarly, since many newly diag- 
nosed lung cancers arise in the peripheral parts of the lung (e.g., adenocarcinomas), 
especially in former smokers, and since endobronchoscopy predominantly accesses 
central components of the lung, it is important to identify biomarkers that can reflect 
global processes ongoing in the target epithelial field associated with increased can- 
cer risk. Their discovery requires a better understanding of the tumorigenesis pro- 
cess in epithelial fields at cancer risk. 



THE RATIONALE FOR STUDYING 
GENOMIC INSTABILITY AS A MARKER OF RISK 

T\imors of the aerodigestive tract have been proposed to reflect a "field canceriza- 
tion" process whereby the whole tissue is exposed to carcinogenic insult (e.g., tob- 
acco smoke) and is at increased risk for multistep tumor development 12,13 Several 
types of clinical and laboratory data support this notion, including the frequent 
occurrence of synchronous primary and subsequent second primary tumors in the 
aerodigestive tract (frequently exhibiting dissimilar histologies as well as distinct 
genetic signatures 14 " 16 ) and the presence of premalignant lesions that precede and/or 
accompany the tumor in the exposed tissue field. 17 The notion of a multistep tumor- 
igenesis process is further supported by serial clinical and histologic evaluations of 
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target tissue or exfoliated cells where increasing degrees of histological abnormali- 
ties are observed over time. 18 

A working model for aerodigestive tract turnorigenesis is illustrated in Figure 1. 
Tumorigenesis in the face of carcinogenic exposure likely involves a chronic process 
of tissue injury and wound healing. DNA damage induced by the carcinogen is likely 
fixed into permanent genetic changes (e.g., chromosome damage, chromosome non- 
disjunction, gene mutation, gene deletion, etc.) during the process of proliferation. 
This damage would be expected to be distributed throughout the exposed tissue field 
leading to a background of generalized genomic damage (depicted in Rgure 1 as a 
background mat of increasing density). Chronic injury and repair likely leads to the 
accumulation of cells with increasing amounts of genetic changes as well as the out- 
growth of abnormal clones (triangles in Figure 1) carrying an accumulation of 
genetic changes important for selective survival, dysregulated growth, and preferen- 
tial epithelial take-over by initiated clones (see Figure 2). 

Cellular and molecular evidence for the field carcinogenesis and multistep tum- 
origenesis model comes from many laboratories. 19,20 With the advent of a wide array 
of molecular technologies, a large number of specific molecular genetic and epige- 
netic changes involving specific oncogenes, tumor suppressor genes, cell regulatory 
genes, and repair genes have now been described for aerodigestive tract cancers. The 
i dentification of these specific molecular changes have now provided probes to 



explore specific events occurring in premalignant lesions adjacent to aerodigestive 
tract tumors. 21 " -24 Frequently, these premalignant lesions snowed a subset of the 
same molecular changes found in the associated tumor, suggesting that these lesions 
might represent precursor lesions for the associated tumors (i.e., a manifestation of 
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FIGURE 1. Field cancerization and multistep tumorigenesis. 
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FIGURE 2. Multiple focal clonal evolution during raultistep tumorigenesis. 



a multistep tumorigenesis process). For example, studies of the premalignant lesions 
adjacent to head and neck tumors have provided evidence for a gradual accumulation 
of genetic alterations accompanied by evidence for dysregulation of cellular control 
mechanisms (e.g., alterations in expression of PCNA, EGFR, TGF-P, p53, and 
cyclinDl). 25 - 28 

These types of studies have now also been applied to the target epithelium of indi- 
viduals at increased risk for aerodigestive tract cancer (i.e., individuals with a chron- 
ic smoking/alcohol history and/or prior aerodigestive tract cancer). Several groups 
(using polymerase chain reaction, PCR, analysis of microdissected epithelium) have 
now demonstrated the presence of clonal outgrowths in the target premalignant epi- 
thelium of individuals at increased risk for cancer. 29 " 31 For example, examination of 
bronchial biopsies derived from individuals with a 20 pack-year smoking history 
demonstrated that 76% of the cases showed evidence for LOH (3pl4, 9p21, or 
17pl3) in at least one of six lung biopsy sites. On a per site basis, some form of LOH 
was observed in 25% of the sites examined. 29 

If aerodigestive tract cancer development reflects a field cancerization process 
involving multistep events, then risk and response information should be able to be 
derived from random biopsies or exfoliated cells from the field at risk or from assess- 
ments of tissue undergoing similar processes. Hypothetically, lesions exhibiting the 
greatest degree of genomic instability, clonal outgrowth, and abnormal epithelial 
regulation would be at the highest relative aerodigestive tract cancer risk. Similarly, 
an active chemopreventive intervention might be expected to decrease these mani- 
festations of risk. Reduced risk manifestations include decreased levels of ongoing 
genetic instability, decreased frequency of clonal outgrowths, and increased epithe- 
lial growth regulation. 
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THE MEASUREMENT OF CHROMOSOME INSTABILITY USING 
CHROMOSOME IN SITU HYBRIDIZATION 

Molecular genetic techniques, while extremely useful for detecting clonal chang- 
es in targets tissues, are somewhat limited in their ability to detect random genetic 
instability. Conventional cytogenetic assays are useful for detecting chromosome 
instability and clonal chromosome changes. However, they require numbers of 
dividing cells for karyotypic analysis that are difficult to attain in the setting of biop- 
sies acquired during the course of a chemoprevention trial. A technique was there- 
fore needed that would allow chromosome instability measurements in situations 
where few cells are available (e.g. small biopsies, brushings, or sputum samples) and 
where the target material might be fixed. It was also desirable to have a technique 
that would be adaptable to tissue sections, whereby spatial information could be 
retained and genotype/phenotype associations could be determined on the same or 
adjacent tissue sections. The technique of in situ hybridization (ISH) involves the 
use of DNA probes that recognize either chromosome-specific repetitive target 
sequences, chromosome single gene copy sequences, or sequences along the whole 
chromosome length or chromosome segments. 32 We have adapted the ISH technique 
for formalin-fixed, paraffin-embedded tissue sections and have applied it to a variety 
of tissues, including the aerodigestive tract. 33 * 34 

Using probes that label the centromere regions of specific chromosomes, this 
assay permits detennihation of the average chromosome number per cell for each 
specimen. This assay is also useful for detecting generalized chromosome instability 
during the tumorigenesis process. Normal diploid populations should have two cop- 
ies of each autosomal chromosome and should rarely show three or more chromo- 
some copies per cell (chromosome polysomy), especially in tissue sections where 
nuclear truncation results in an under-representation of chromosome copy number. 
Thus, the detection of cells with three or more chromosome copies would indicate 
the presence of chromosome instability. 

To examine this technique's potential for characterizing the multistep tumorigen- 
esis process in the aerodigestive tract, we measured the fraction of cells exhibiting 
three or more chromosome copies in apparently contiguous epithelial transitions 
from normal to hyperplastic to dysplastic to carcinomas, all on a single tissue slice 
of head and neck squamous cell carcinomas. 34 In these specimens, greater than 35% 
of the cases of adjacent "normal" epithelium, greater than 65% of the cases of hyper- 
plastic epithelium, and greater than 95% of the dysplastic and tumor regions showed 
evidence of chromosome polysomy. Of interest, similar transitions of chromosome 
instability were observed with at least four different chromosome probes. Similar 
trends have also been observed in amenable tissue from other epithelial malignan- 
cies, including cervix, bladder, and breast. 35 These results thus suggested that the 
notions of field cancerization and multistep tumorigenesis might apply to several 
epithelial tissues and that measures of chromosome instability might be useful for 
monitoring this process. 

In the situations described above, the premalignant lesions examined might be 
considered to represent epithelium at 100% risk of being in a cancer field, since they 
were located in the adjacent epithelium to the cancer. This then raises the question 
of the nature of genetic instability in the epithelium of individuals at increased risk 
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for developing cancer. To explore this issue, we obtained biopsies during the course 
of leukoplakia chemoprevention trials exploring the use of 13-ri.y-retinoic acid in 
reversing leukoplakia and probed them for genetic instability using in situ hybridiza- 
tion. In one retrospective study and in one prospective study of subjects with oral 
leukoplakia, the results indicate that those subjects whose pretreatment biopsies har- 
bor relatively high levels of genomic instability (i.e., more than 3% of the cells 
examined showing at least 3 chromosome 9 copies per cell) have a significantly 
higher likelihood of suffering early onset of head and neck cancer. 36 ' 37 Interestingly, 
half of the tumors that did develop occurred away from the biopsy site used to mea- 
sure genetic instability. This result suggests that genomic instability measurements 
in carcinogen-exposed tissue can provide useful cancer risk estimates. 



THE RELATIONSHIP BETWEEN TOBACCO EXPOSURE AND 
CHROMOSOME INSTABILITY 

In recent years, the aerodigestive tract chemoprevention group at M.D. Anderson 
Cancer Center has initiated three sequential biomarker-associated chemoprevention 
trials involving chronic smokers with a greater than 20 pack-year smoking history. 

In cac^o^these^tudiesrendobronchial-biopsies-were obtained from-six-demied-sites 

within the lung, including the carina and at bifurcation points at the upper, middle, 
and lower right lung and at the upper and lower left lung. Biopsies were obtained pri- 
or to and following chemopreventive intervention and were subjected to in situ 
hybridization analysis in addition to analyses for other biomarkers. The first impor- 
tant finding was that some degree of chromosome polysomy was evident in all lung 
sites examined, and this was observed independently of the particular chromosome 
probe utilized. 38 This finding supports the notion that random chromosome changes 
may be occurring throughout the exposed lung field. 

In a second study, bronchial biopsies were obtained from individuals with a 20 
pack-year smoking history. In this study, most of the subjects involved were current 
smokers 39 Interestingly, all cases who showed metaplasia at one of six biopsy sites 
also showed chromosome polysomy in at least one biopsy site; overall, 88% of the 
sites showed some evidence of chromosome 9 polysomy. 40 Evidence for genetic 
instability was also detected in patients who did not show evidence of bronchial 
metaplasia in any of six biopsy sites despite a strong smoking history. In fact, more 
than 90% of the cases and more than 60% of the sites showed significant chromo- 
some polysomy (i.e., at least three copies in at least 2 % of the cells examined). 
These results suggest that the lungs of long-term smokers show significant evidence 
of genetic instability, and this instability can be detected throughout the accessible 
bronchial tree, even when bronchial metaplasia is not evident. 

These studies in current smokers has allowed us to examine the relationship 
between the levels of genetic instability detected and subject characteristics such as 
smoking status (current or former), smoking history, and lung tissue pathologic 
changes. Evaluable biopsy material has now been obtained from more than 108 cur- 
rent smokers, including more than 480 evaluable biopsy sites. The mean metaplasia 
index in these current smokers was 30.4%. For the total population studied, the 
median chromosome index for the bronchial biopsies was 1.41 (range, 1.04-1.61) 
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and the median chromosome polysomy index was 2.0% (range 0-8 .7%)* This can be 
compared to a mean chromosome index between 1.2-1.4 for lymphocytes and very 
rare chromosome polysomy. Interestingly, the intrasubject variability in chromo- 
some instability was relatively low in most subjects and was less than the intersub- 
ject variability. These results suggested that chronic smokers harbor detectable 
chromosome instability throughout the accessible bronchial tree (supporting the 
field carcinogenesis notion) and that information from one biopsy site might yield 
representative information for the rest of the lung field. 

Since most of the current smokers exhibited bronchial metaplasia in at least one 
of the biopsied sites, this allowed us to examine the relationship between chromo- 
some instability and histologic changes, both on a site-by-site basis and on a per case 
basis. On a site-by-site basis, the chromosome indices of lesions showing squamous 
metaplasia were similar to those not showing metaplasia (i.e., median 1 .43 vs. 1.43), 
and the degree of chromosome polysomy in metaplastic lesions were only slightly 
higher than in non-metaplastic sites (medians: 2.2% vs. 1.8%, respectively). Thus, 
the presence or absence of squamous metaplasia at a biopsy site does not necessarily 
correlate with the degree of underlying genomic instability. On the other hand, those 
subjects with metaplasia indices of at least 15% also showed higher levels of chro- 
mosome polysomy than did subjects with metaplasia index below 15% (medians: 
2.4% vs. 1.8%. p = 0.005). Thus, these chromosome instability assessments in cu r- 
rent smokers appeared to reflect a more global process in the lung field. 

Tobacco exposure has been shown to significantly increase the risk of developing 
lung cancer, and the degree of risk is related to the extent of tobacco exposure. We 
were interested in determining the relationship between individuals' smoking histo- 
ry parameters and the levels of chromosome change found in their lungs following 
years of tobacco exposure. While there was significant intersubject variation for sim- 
ilar tobacco exposure histories, overall there was a significant correlation between 
the degree of chromosome polysomy and the intensity of ongoing tobacco exposure 
(packs/day, p - 0.02 on a per site basis) and with the extent of tobacco exposure 
(pack-years, p = 0.003). Thus the amount of chromosome polysomy reflects the 
intensity and extent of tobacco exposure. At the same time, individuals with similar 
smoking histories showed widely divergent amounts of chromosome polysomy, pos- 
sibly reflecting differences in intrinsic sensitivity between subjects. There was also 
strong correlation between the chromosome index and the duration of the smoking 
history (smoking years) and total accumulated exposure (pack-years, p = 0.0001). 
These results suggest that tobacco exposure is associated with the initiation and 
accumulation of chromosome instability in the exposed lung; however individuals 
are differentially sensitive to carcinogenic insult. The working hypothesis is that 
those individuals who accumulate the highest degree of chromosome changes will 
be at the highest lung cancer risk. 

Many of the bronchial biopsies from chronic smokers examined by in situ hybrid- 
ization showed a rise in the chromosome index above that expected for a diploid cell 
population, especially in subjects with an extensive smoking history. The rise in 
chromosome index was also accompanied by an increase in the fraction of cells 
exhibiting at least 3 chromosome copies per cell. To determine if a rise in the tissue 
chromosome index was due to clonal expansion of populations with chromosome tri- 
somy, the chromosome copy number and relative coordinates of each cell scored in 
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the bronchial epithelium was recorded and a spatial genetic map was created. 41 We 
then developed algorithms for calculating localized chromosome indices within the 
tissue. Since trisomic clones would have, on average, three chromosomes instead of 
two, those cells involved in neighborhoods with chromosome indices three-halves 
that of diploid populations could be marked as being part of a trisomic clone. Simi- 
larly, groups of cells with chromosome indices half that of diploid populations could 
be marked as being part of a monosomic clone. This allowed the generation of a sec- 
ond-order, two-dimensional genetic map representation of the bronchial epithelium 
showing the relative locations of cells involved in monosomic and trisomic clonal 
outgrowths. When adjacent tissue sections from the same bronchial biopsy were 
probed separately for different chromosomes, the detected clones appeared to occu- 
py separate subregions of the epithelium. This result suggests that not only are the 
lungs of chronic smokers undergoing a process of genetic instability, they are expe- 
riencing the outgrowth of multiple clones throughout the exposed lung field, as pos- 
tulated by the models shown in Figures 1 and 2. One advantage of this clonal 
approach is that the contribution of both monosomic and multisomic clones can be 
detected. 

Since smoking cessation has been suggested to reduce the lung cancer risk, it was 
of interest to determine whether the levels of chromosome instability would decrease 
following smoking cessation. This question was possible to examine because our 
third sequential chemoprevention trial involved subjects who had discontinued 
smoking. So far, more than 220 subjects (more than 650 biopsies) who have quit 
smoking (mean 9.9 quit-years) have been evaluated for chromosome instability in 
their lungs. Despite the fact that the mean metaplasia index in this group is 5.8% 
(considerably less than that in current smokers), chromosome instability is still 
observed in the majority of subjects. 42 While the mean chromosome polysomy level 
is reduced to 1.0%, some individuals continue to show polysomy levels above 5%. 
Interestingly, while the overall chromosome polysomy levels were reduced in these 
individuals who stopped smoking, the mean chromosome index remained at about 
1 .4 with some individuals exhibiting chromosome indices as high as 1.8. Initial chro- 
mosome mapping studies suggest that while random chromosome instability seems 
to decrease following smoking cessation, the clonal outgrowths may remain for 
many years in the lung. The working hypothesis is that those individuals who show 
the greatest degree of remaining chromosome instability are at the highest lung can- 
cer risk despite smoking cessation. Long-term follow-up on these subjects will be 
necessary to test this hypothesis. 



SUMMARY AND CONCLUSIONS 

Aerodigestive tract tumorigenesis appears to be a multistep process taking place 
throughout the tissue fields of exposure. When viewed in the context of chromosome 
changes, carcinogen exposure appears to be associated with the random acquisition 
Of chromosome polysomy throughout the exposed field, the degree of which is relat- 
ed to the degree and extent of carcinogen exposure as well as to the instrinsic suscep- 
tibility of the exposed individual. Continued exposure leads to continued acquisition 
of new changes and, in association with chronic wound-healing processes, to the 
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accumulation of clonal outgrowths throughout the target tissue. Although the ulti- 
mate malignancy may occur in only one or few tissue sites, manifestations of the 
instability process that drives tumorigenesis is globally present in the tissue. Thus 
random biopsies may provide useful risk information for the exposed field as a 
whole. Even when carcinogen exposure is reduced or chemopreventive strategies are 
initiated and histologic manifestations of the tumorigenesis process subside, the 
genetic scars of prior exposure remain in the form of clonal outgrowths and may 
explain continued lung cancer risk in ex-smokers. Future chemoprevention strategies 
need to focus on reducing the degree of chromosome instability and on trying to 
eliminate residual abnormal clonal outgrowths in the aerodigestive tract. In this set- 
ting, the measurement of chromosome instability in the target tissue will be useful in 
assessing cancer risk as well as response to intervention. 



The studies reviewed here represent one component of the collaborative efforts 
of the Aerodigestive Tract Chemoprevention team at The University of Texas M.D. 
Anderson Cancer Center, Houston, Texas. The studies were supported in part by 
NatkmaHnstitutes^Hedth44atiena^ 

CA 79437, CA 16672, CA 68089, CN 25433, CA 86390, CA 70907, NIH DE 13157, 
and the State of Texas Tobacco Research Fund. 
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Abstract 

Early identification and subsequent intervention are 
needed to decrease the high mortality rate associated with 
lung cancer. The examination of bronchial epithelium for 
genetic changes couid be a valuable approach to identify 
individuals at greatest risk. The purpose of this 
investigation was to assay cells recovered from 
nonmalignant bronchial epithelium by fluorescence in situ 
hybridization for trisomy of chromosome 7, an alteration 
common in non-small cell lung cancer. Bronchial 
epithelium was collected during bronchoscopy from 16 
cigarette smokers undergoing clinical evaluation for 
possible lung cancer and from seven individuals with a 
prior history of underground uranium mining. Normal 
bronchia] epithelium was obtained from individuals 
without a prior history of smoking (never smokers). 
Bronchia] cells were collected from a segmental bronchus 
in up to four different lung lobes for cytology and tissue 
culture. Twelve of 16 smokers were diagnosed with lung 
cancer. Cytological changes found in bronchial epithelium 
included squamous metaplasia, hyperplasia, and atypical 
glandular cells. These changes were present in 33, 12, and 
47% of sites from lung cancer patients, smokers, and 
former uranium miners, respectively. Less than 10% of 
cells recovered from the diagnotic brush had cytological 
changes, and in several cases, these changes were present 
within different lobes from the same patient. Background 
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frequencies for trisomy 7 were 1A ± 03% in bronchial 
epithelial cells from never smokers. Eighteen of 42 
bronchial sites from lung cancer patients showed 
significantly elevated frequencies of trisomy 7 compared 
to never smoker controls. Six of the sites positive for 
trisomy 7 also contained cytological abnormalities. 
Trisomy 7 was found in six of seven patients diagnosed 
with squamous cell carcinoma, one of one patient with 
adenosquamous cell carcinoma, but in only one of four 
patients with adenocarcinoma. A significant increase in 
trisomy 7 frequency was detected in cytologically normal 
bronchia] epithelium collected from four sites in one 
cancer-free smoker, whereas epithelium from the other 
smokers did not contain this chromosome abnormality. 
Finally, trisomy 7 was observed in almost half of the 
former uranium miners; three of seven sites positive for 
trisomy 7 also exhibited hyperplasia. Two of the former 
uranium miners who were positive for trisomy 7 
developed squamous cell carcinoma 2 years after 
collection of bronchial cells. To determine whether the 
increased frequency of trisomy 7 reflects generalized 
aneuploidy or specific chromosomal duplication, a 
subgroup of samples was evaluated for trisomy of 
chromosome 2^ the frequency was not elevated in any 
of the cases as compared with controls. The studies 
described in this report are the first to detect and 
quantify the presence of trisomy 7 in subjects at risk for 
lung cancer. These results also demonstrate the ability to 
detect genetic changes in cytologically normal cells, 
suggesting that molecular analyses may enhance the 
power for detecting premalignant changes in bronchial 
epithelium in high-risk individuals. 

Introduction 

Although lung cancer is the leading cause of cancer death in the 
United States (1), early detection and intervention could de- 
crease the high mortality rate associated with this disease if 
sensitive screening approaches could be developed (2-4). Early 
detection may be feasible because the entire respiratory tract is 
exposed to inhaled carcinogens; therefore., the whole lung is at 
risk for developing multiple, independently initiated sites. This 
"field cancerization" condition (5) is supported clinically by a 
high frequency of second primary tumors in lung cancer pa- 
dents (6-9) and by the occurrence of progressive histological 
premalignant changes throughout the lower respiratory tract of 
cigarette smokers (10, il). Moreover, recent studies using 
pathological tissues obtained after lung resection or autopsy 
have identified genetic aberrations associated with lung cancer 
in nonmalignant bronchial epithelium adjacent to tumors (12- 
16). 

Although examination of pathological samples is useful 
for identifying generic changes associated with carcinogenesis, 
this invasive approach for collection of clinical samples nec- 
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essary for early detection would not be appropriate for screen- 
ing. However, bronchia! epithelial cells harvested using routine 
clinical procedures could be examined for genetic changes as an 
initial approach for detecting individuals at high risk for lung 
cancer. This approach could also provide genetic markers for 
evaluating the effectiveness of chemoprevention regimens. 
Bronchoscopy provides direct access 10 viable cells within the 
airways and is a commonly used tool for obtaining samples 
from the lower respiratory tract, including bronchial epithelium 
(J 7). This procedure can be used to repeatedly sample the 
bronchial epithelium over lime and to collect viable cells that 
can be expanded through tissue culture for functional assays. 

Because of field cancelation, genetic abnormalities 
should be dispersed throughout the bronchial epithelium of 
persons at risk for lung cancer. The purpose of this investiga- 
tion was to test this hypothesis by sampling nonmalignant 
bronchial epithelium from distinct locations within four differ- 
ent lobes of the lung from persons at risk for lung cancer and 
then assaying the bronchial cells for the presence of specific 
genetic abnormalities. Trisomy of chromosome 7 was exam- 
ined in these cells, because this alteration is common in solid 
tumors, including lung cancer, of several different organ sys- 
tems (18, 19). In addition, trisomy 7 has been detected in 
premaiitmant lesions such as villous adenoma of the colon (20), 
in the colonic mucosa of individuals with familial polyposis 
(21), and in the far margins of some resected lung tumors (22). 
Our* results demonstrate that trisomy 7 can be detected in 
nonmalignant bronchial epithelium from patients with lung 
cancer distant to the site of the tumor and in individuals without 
tumors who are at high risk for lung cancer development. 
Together, these studies suggest that an extra copy of chromo- 
some 7 may be an intermediate biomarker of ongoing field 
carcinogenesis. 

Materials and Methods 

Subject Recruitment. Bronchial epithelium was collected 
from 16 cigarette smokers undergoing a diagnostic workup for 
possible lung cancer and from 7 individuals with a prior history 
of underground uranium mining, 5 of whom were also smokers. 
Three individuals who had never smoked were also recruited to 
obtain bronchial epithelium not exposed directly to either to- 
bacco smoke or radon progeny. 

Pathology and Kxposure History. Twelve of the 16 cigarette 
smokers who underwent diagnostic bronchoscopy were diag- 
nosed with NSCLC 3 Seven tumors were characterized histo- 
logically as SCCs ? four tumors were AGs, and one tumor was 
an adenosquamous cell carcinoma. Lung cancer was not evi- 
dent in the other four subjects. Smoking histories ranged from 
15 to 120 pack-years (defined as the number of cigarettes 
smoked per day times the number of years smoked). All of the 
former uranium miners worked underground between 2 and 20 
years, with a range of 27-527 working level months. Five of the 
seven miners had smoking histories that ranged from 20-60 
pack-years. 

Bronchoscopic Collection and Processing of Bronchial Ep- 
ithelium. A protocol was developed for harvesting viable 
bronchial epithelium from the lower respiratory tract using a 
standard cytology brush during bronchoscopy. After introduc- 



tion into the lower respiratory tract, the bronchoscope was 
directed into each upper and lower lobe, and the carina! margin \ 
of a segmental orifice, usually the second and third bifurcation 
within the upper and lower lobes, respectively, was brushed. 
These sites were chosen because (*) they arc high-deposition 
areas for particles; (ft) they are associated frequently with 
histological changes in smokers; and (c) they represent site& 
where tumors commonly occur (11, 23). Tne area was first 
washed with saline to remove any nonadherent cells. Sites were 
not brushed if a tumor was visualized within 5 cm of the site 
After brushing, the brush was withdrawn, placed in serum-free 
medium, and kept on ice until processed. Each site was brushed 
twice. The procedure was well tolerated by all subjects, and no 
complications were noted related to the brushing procedure. 

Bronchial cells were collected from only two of the sites 
in two of the subjects, from three sites in two subjects, and from 
all four sites in the remaining subjects. Although only two sites 
were brushed initially in case 1, cells were obtained from all 
four sites in this subject during a repeat bronchoscopy per- 
formed after the initial procedure did not yield a diagnosis. 
Samples were obtained from all four sites in the cancer-free 
current smokers and in the never smokers. In addition, bron- 
chial epithelial cells derived at autopsy by Clonetics, Inc. (Sao 
Diego, CA) from four never smokers were also obtained to 
serve as additional controls. Only two sites sampled from most 
of the former uranium miners were available for analysis be- 
cause cells recovered from the other sites had been used ex- 
clusively for cytology in another investigation* 
Bronchia! Epithelial Cell Culture. Replieative cultures of the 
bronchial epithelial cells obtained by the procedure described 
above were established in our laboratory (24) using a serum- 
free medium (BEGM: Clonetics, Inc.) that is optimal for growth 
of these cells. Cells were removed from brushes by vigorous 
shaking in BEGM; cells from one brush were prepared for 
cytological analyses, and cells from the other brash were 
washed, resuspended in BEGM, seeded onto 60-mm fibronec- 
tin-coated plates, and grown at 37 C C in 3% C0 2 and 21% 0 2 
unul 80% confluence. Prior to passage, aliquots of cells were 
cryopreserved and stored at -145°C; other samples of cells 
were fixed in methanol-acetic acid (3:1). Next, the cells were 
washed four to six times in mcthanohacetic acid and then 
dropped onto slides (about 2 X 1 (^cells/slide). The effects of 
cell culture on the frequency of trisomy 7 in nonmalignant 
bronchial epithelium were examined by placing cells dispersed 
from brushes direcdy onto microscope slides followed by fix- 
ation. 

Cytology. Cells from one brush from each bronchial collection 
site were prepared for etiological analysis by smearing the cells 
across a microscope slide. The cells were then fixed with Wo 
ethanol and stained according to the Papanicolaou procedure 
(25) to facilitate morphological evaluation by a cytopathologist. 
Detection of Trisomy 2 and Trisomy 7. Trisomy 2 and tri- 
somy 7 were determined by hybridization of cells with a ojoU- 
nylated chromosome 2 or 7 centromere probe (Oncor; Gaitn- 
ersburg, MD). The probes were denatured in hybndizauon 
buffer at 70°C for 5 mm, and the slides were immersed in iv*> 
formamide-2X SSPE at 70°C for 2 min. The probe was flwn 
applied to the slides, which were incubated in a humiuueo 
chamber al 37°C for ;6 h. After incubation, the slides were 
washed in 0.25X SSPE (10 mM sodium phosphate monobasic j 
monohydrate; 1 mM ethyicnediamine tetraacetic acid disodiun , 
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» The abbreviations used arc: NSCLC non-small cell lung cancer; SCC, squa- 
mous ceii cancer. AC. aiiemxarcinoma; KGFR. epidermal growth factor receptor, 
FISH, fluorescence in situ hybridization; LOH. loss of heterozygosity; BEGM, 
Bronchial Epithelium Growth Medium. 



4 Unpublished data. 
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salt, dihydrate; 150mM sodium chloride, pH 7.4) for 5 min at 
72°C, and the probe, was detected wilh fluorescein-labeled 
avidin. Cell nuclei were visualized wilh propidium iodide. 
Data Analysis. The number of centromeric hybridization sig- 
nals in each cell were evaluated in 400 cells/slide, and the 
frequency of trisomy 7 on each slide was calculated by dividing 
the total number of cells expressing three hybridization signals 
by the total number of cells counted on each slide. Twenty % 
of the slides were scored by a second person, and frequencies 
for trisomy 7 differed by <0.4%. The total number of sites 
positive for trisomy 7 in subjects with SCC and AC were 
compared using Fisher's exact test 

Results 

Cytology. Squamous metaplasia and atypical glandular cells, 
the only cylological abnormalities observed in lung cancer 
patients, were present in 32% of the samples (Table 1 ). These 
cytological changes were observed in <10% of the cells re- 
covered from the diagnostic brush. Two subjects had three sites 
with cylological abnormalities, and five subjects had no cyto- 
logical abnormalities, No samples contained tumor cells by 
cytology, although one of four sites in five subjects was col- 
lected from the same lobe where a tumor was later diagnosed. 

Two of the 16 sites in smokers without lung cancer were 
cytologically abnormal (both in the same person; Table 2), 
whereas no atypical cells were present in the 12 sites from the 
three never smokers (Table 3). In former uranium miners, 
hyperplasia was present in bronchial cells collected from all 
four siles from one person, and in one site in two additional 
people (Table 2). 

Cultnring of Bronchial Epithelial Cells. The efficiency of 
establishing replicative cultures of the cells obtained by bron- 
chial brushing was 100%. The serum- free medium used for 
these cultures is optimal for growing bronchial epithelial cells 
and does not support fibroblastic cell replication (25). There- 
fore, the cells were uniformly epitheloid in appearance. Growth 
potential was evaluated by passaging cells from all seven of the 
uranium miner cases and cases 1-6 from the lung cancer 
patients. Some of these cultures were maintained for up to nine 
passages (a minimum of 16 population doublings), and many 
underwent 30 divisions before senescence. However, none ex- 
hibited an indefinite population-doubling potential. 
Detection of Trisomy 7 in Nonmalignant Bronchial Epithe- 
lium. Background rates of trisomy 7 were determined by ex- 
amining normal human bronchial epithelial cell lines derived 
from autopsy cases of never smokers and bronchial epithelium 
collected from never smokers during bronchoscopy. In bron- 
chial cell lines (passage 2) from four donors and bronchial 
epithelial cell samples obtained by bronchial brushing from the 
recruited never smokers (Table 3), only 1 .4 ± 6.3% (SD) of the 
cells contained three hybridization signals for chromosome 7 
with values ranging from 1 to 1 .8%. These values agree wilh 
those reported by the manufacturer of the probe. Therefore, 
trisomy 7 frequencies of >2.0% (>2 SD above the mean for 
controls) were considered significantly different from controls. 

Passage 1 or 2 bronchial cells from lung cancer patients 
were examined for trisomy 7. Eighteen of the 42 bronchial sites 
(43%) sampled from the 12 iung cancer patients contained 
trisomy 7 at frequencies ranging from 2.3 to 6.0% (Table 1 ; Fig. 
;). Three subjects (cases I, 2, and 11) displayed trisomy 7 in all 
sites collected during bronchoscopy, and in two subjects (cases 
7 and 12), trisomy 7 was found in three of four sites (Table 1). 
Six of the 18 sites positive for trisomy 7 also contained cyto- 
logically abnormal cells. Trisomy 7 was found in six of seven 
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SM 


4.3* 


2 


69 


26 


SCC 


RUL 


SM 


2.8* 










LLL 


SM 


3.3* 










LUL 


N 


3.8* 


3 


65 


120 


SCC 


RUL 


AGC 


2.0 










RUL 


AGC 


2.3* 










LLL 


AGC 


2.0 


4 


52 


90 


AC 


RLL 


' SM 


L5 










RUL 


N 


L8 










LLL 


SM 


1.5 










LUL 


SM 


1.8 


5 


70 


50 


SCC 


RLL 


N 


1.5 










RUL 


N 


J.5 










LLL 


N 


1.5 










LUL 


SM 


1.3 


6 


61 


93 


AC 


RLL 


N 


1.5 










RUL 


N 


1.3 










LLL 


N 


2.0 










LUL 


N 


L5 


7 


58 


40 


SCC 


RLL 


N 


L8 










RUL 


N 


2.3* 










LLL 


N 


2.5* 










Uis. 


N 


2.8* 


8 


59 


120 


AdSCC 


RLL 


N 


1.5 










RUL 


N 


2,0 










LLL 


N 


2.5* 










LUL 


AGC 


2.0 


9 


65 


71 


sec: 


RLL 


SM 


2.0 










RUL 


SM 


2.5 


10 


63 


45. 


AC- 


RLL 


N 


L0 










RUL 


N 


LS 










LLL 


N 


1.8 










LUL 


N 


1.3 


11 


61 


95 


AC 


LLL 


N 


2.5* 










LUL 


N 


2.8* 


12 


76 


17 


SCC 


RLL 


N 


2.0 










RUL 


N 


2.3* 










LLL 


N 


2.3* 










LUL 


N 


23* 



° RLL, right lower iobe; RUL, right upper lobe; LLL. left lower lobe; LUL, left 

upper lobe; AGC. atypical glandular cells; SM, squamous metaplasia; N, normal 

cells; AdSCC, adenosquanious carcinoma. 

* P < 0.05 as compared to never-sinoker controls. 

r Resampled 4 months later. 



patients diagnosed with SCC, whereas only one of four patients 
with AC displayed trisomy 7 in any site collected at bronchos- 
copy. Case 7, which had histological features of both SCC and 
AC, had one site positive for trisomy 7. The frequency of 
positive trisomy 7 sites in all patients with SCC within this 
small sample population was significantly greater than in AC 
patients (H < 0.005). 

The reproducibility of detecting trisomy 7 at sites found to 
he positive for this abnormality was investigated in one patient 
(case 1) who required repeat bronchoscopy for clinical reasons. 
Trisomy 7 was increased similarly in the two siles brushed 
during both procedures, although cytological examination 
showed atypical cells in one site from the first bronchoscopy 
and cytologically normal ceils from the same site collected 
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634 Trisomy 7 in Nonmalignapt Bronchial 




- T( Jk2 Prequencv of trisomy 7 in bronchial epithelial cells from cancer-free 
smokers and fonder uranium miners 

Smoking Ka^n exposure Brush Cytologic*) Trisomy 7 
^ (^cCZ) (WLmV l ocation diagnosis ifrequcncy. %) 



13 81 



15 



14 34 24 



15 6K 51 



16 45 

17 59 

18 65 

19 64 

20 56 

21 64 

22 M 

23 67 



30 

8 
9 

30 
0 
0 

31 



0 

27 
516 
235 

186 

214 
577 

124 



RLL 
RUL 
LU- 
LU L 
RLL 
RUL 
LLL 
LUL 
RUL 
RUL 
LLL 
LUL 
RLL 
RUL 
LLL 
LUL 
LLL 
LUL 
LUL 
RUL 
LUL 
RLL 
LUL 
RLL 
RLL 
LUL 
RLL 
LLL 
LUL 
RU. 
RUL 



N 
AOC 
N 

SM 
N 
N 
N 
N 
N 
N 
N 
. N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
H 
N 
11 
H 
U 
H 
H 



LS 
13 
1.8 
2.0 
1.3 
1.3 
1.0 
U 
4.0" 
3.0* 
4.3* 
33* 
1.3 
1.5 
2.0 
1.8 
3.0 6 
3.0* 
1.3 
3.3* 
1.5 
1.0 
2.0 
2.3" 
1.8 
1.8 
0.8 
1.3 
2.8" 
2.5* 
3.3" 



Table 3 Interphase analysis of chromosome 7 m normal human bronchial 

epiihclial ceils 



n^Mil enitheliat cell lines were established from never smokers (Clonct,cs) 
Bronchial ^ normal distribution of chromosome 7 copy 
after ^ko P s£ ud m f^howXTc percent of cells exhibiting 1 . 2. 
tttf^J^ ^CnL coning aybriiHraikm signal 
were counted per donor. — — — 



Abbreviate as into,* in Tab* I foo.no*. WI.M. working leve. month: 
H. hyperplasia. 

* P < 0.05 as compared 50 nevcr-smo<Cf controls- 

during the second procedure (Table 1). The other two sitts 
Sed during the second bronchoscopy also showed elevated 
frcauencies of trisomy 7 in this patient 
m ?tiZv 7 was detected in cytologically normal bronchial 
epithelium collected from four sites in one (case 15) of flw 
icer-free smokers (Table 2). Bronchial cells from the other 
smokers did not contain this chromosome abnormality In the 
former uranium miners (cases 17-23), * 
lected during bronchoscopy were positive for trisomy 7. Three 
oT*epositive sites were found in one subject (case 23 and also 

„Sd basal cel. hyperplasia. However the 
ples positive for trisomy 7 showed no sological abnormality 
Two of the former uranium miners (cases 18 and 23) 
developed lung cancer within 2 years of bronchial cell coUec- 
uon SCC was diagnosed in ihe nght upper lobe of both sub- 
S As noted in Table 2, both cases were positive for trisomy 
TtodS nght upper lobe bn.shing site obtained at the imba! 
bronchoscopy. , . 

Tissue Culture Effects on Trisomy 7 Expression m Bron- 
E Epithelium. The effect of tissue culture on tnsomy 7 
frequency was assessed by comparing ^ frequency of h* 
SmosLe abnonnahty in freshly |^ 
Bum obtained directly from bronchial hrushes ( otetdun )J 
oarage 1 cells. This comparison was conducted on ce Is col- 
S from two different bronchial sites in three differ, 
subiecLs [(cases 11 and 16 and donor 7 (never smoker)]. Cul- 
ture i simples positive for trisomy 7 in case ,1 were also 



Donor Age 



Brush 
location 



1 

2 
3 
4 
5 



6 
17 
15 
41 

45 



35 



33 



NA" 

NA 

NA 

NA 

RLL 

RUL 

LLL 

LUL 

RLL 

RUL 

LLL 

LUL 

RLL 

RUL 

LLL 

LUL 



33 

2.3 

13 

2.0 

i.O 

0.5 

1.3 

1.0 

1.0 

23 

2.0 

1.8 

0.5 

03 

i.2 

1.0 



signais/ccll i%) 


2 


3 


4 


92.0 


13 


3.0 


95.5 


1.3 


1.0 


94.7 


1.8 


2.0 


94.8 


L0 


2.3 


953 


1.8 


L7 


98.3 


1.0 


0.2 


963 


1.0 


1.2 


963 


1.2 


13 


96.8 


1.0 


1.2 


93.3 


1.7 


23 


94.8 


1.5 


1.7 


94.2 


1.8 


2.2 


98.2 


0.8 


0.5 


97.2 


1.3 


1.0 


96.8 


1.3 


0.7 


96.0 


13 


13 



• Abortion* are « indeed in d» tejend ,o Table J. NA. no. applicable. 



nositive in preculture cells from die same bronchial collection 
S wnerSes negative for trisomy 7 in cultured cells from 
caseTe and the never smoker were also negative m preculture 
ceHs data not shown). Values for trisomy 7 ditfered I by <03o 
berw e n pSture and cultured cells. The effect of passaging 
ee ls on the frequency of trisomy .7 was also exammed m 
bronchial cells from case 1 . Trisomy 7 frequency was s.milar ,n 
cells from passages 1, 4, and 7. 

Freauencv of Trisomy 2 in Nonmalignant Bronchial bpi- 

metaplasia, a likely precursor to SCC (26). J° f c ' e [™^ 
whether the increased frequency of tnsomy 7 detected m the 
Current study reflects generalized ancuplo.dy or a specific chro- 
%££ ^ duplication^ subgroup of samples was evaluated fo 
STy of chromosome 2. The frequency of tnsomy 2 in never 
Jokers was 1 5 ± 0.4% (data not shown). Bronchia cells 
frof e gh^ub ects. six of whom had elevated frequcnc.es for 
Sly 7. were evaluated. The frequency for tnsomy of chro- 
mosome 2 did not differ from never smokers (Table 4). 

Discussion . 
The studies described in this report are the first to detect and 
inufy an increase in trisomy 7 in the airway cells of subjects 
? risk for lung cancer. The presence of trisomy 7 appeared to 

s^ecme'ehromosome gain and not due 
aneuploidy in these ceils. In addition, trisomy 7 in nonmalig 
Z3££m from lung cancer patients was 
SCC tumor histology, suggesting that patients with i to ^geneuc 
change may be at greater risk for developmg SCC than other 
£S I forms of lung cancer. This supposition was sup- 
ZS te tact feat two cancer-free former uranium miners 
Sbronchial cells positive for trisomy 7 fmately developed 
SCC Finally, these results demonstrate the ability o detect 
genetic chJges in cytologically normal ceHs suggestmg A* 
molecular analyses may enhance the power for detecting 
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Fig. I. FISH for chromosome 7 in 
bronchial epithelial ceils. Trisomy 7 
is apparent ia one cell from tilts 
field. Magnification. X530. 




Table 4 Frequency of trisomy 2 in bronchia! epithelial cells from lung cancer 
patients, cancer-free smokers, and former uranium miners 



Case 


Tumor diagnosis 


Brush location 


Trisomy 2 
{frequency. *) 


i 


sec 


RLL" 


1.5 






RUL 


1.8 






LI J. 


I.R 






LUL 


1.0 


2 


sec 


I.LI. 


1.0 






LUL 


1.0 


7 


sec 


RLL 


1.5 






RUL 


2.1 






LLL 


1.8 






LUL 


1.5 


8 


AC 


RLL 


0.3 






RIJL 


1.5 






LLL 


0.8 


13 


None 


RLL 


LO 






RUL 


0.8 






LLL 


1.0 






LUL 


1.3 


15 


None 


RLL 


1.8 






RUL 


2.0 






LLL 


1.0 






LUL 


1.3 


J9 


N'one 


LUL 


1.9 






RLL 


O.X 


23 


None 


RLL 


1.5 



" Abbreviations arc as indicated in legend to Table ) . 



premalignant changes in bronchial epithelium in high-risk 
individuals. 

Cigars tie smoking and the exposure of underground min- 
ers to radon progeny are both well-established respiratory car- 
cinogens (27, 28), Tobacco smoke contains numerous muta- 
gens and carcinogens, and radon progeny that have been 
inhaled and deposited on the respiratory epithelium release a 



particles capable of damaging DNA (28). Although comparison 
between findings in the cigareue smokers and the former ura- 
nium miners is constrained by the number of participants in the 
two groups, trisomy 7 was found in both groups. These results 
are consistent with the synergism between smoking and radon 
progeny, which suggests commonality in the pathways by 
which the two carcinogens cause lung cancer (29). 

The bronchial brushing method used lor collecting cells 
from the lower respiratory tract is rapid (10-12 min total for 
two brushes at four different sites), well tolerated by the patient, 
and permits collection of viable bronchial ceils that can be 
expanded through tissue culture at 100% efficiency. The sta- 
bility of these cells in culture was evident by the fact that the 
frequency of trisomy 7 did not differ between primary brush 
cells and cells propagated for up to seven passages. Further- 
more, this procedure is amenable to the production of sufficient 
cell numbers (1 X 10 R ) at low passage (one or two) to accom- 
modate multiple molecular analyses. Although the media used 
in culturing of bronchial epithelial cells did not appear to 
provide a selective growth advantage to cells harboring an • 
additional chromosome 7, the modulation of medium supple- 
ments might lead to the establishment of clonal populations of 
premalignant cells. Such cell populations would greatly facil- 
itate the identification of additional early gene changes in 
respiratory carcinogenesis. 

The detection of trisomy 7 in multiple nonmalignant sites 
within the bronchial tree supports the theory of field canccr- 
ization (5), which states that diffuse exposure of the entire 
respiratory tract to inhaled carcinogens causes the development 
of multiple, independently initiated sites that can lead to tumor 
development. Although the frequency of this chromosome ab- 
normality was relatively low (2/3-6.0%), these values were 
consistent with the low percentage of cells within each brush 
sample (10%) that exhibited abnormal cytology. These results 
are also similar to studies of chromosome gain in patients with 
head and neck cancer where trisomy 7 was detected at frequen- 
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cies of 2 f 3, and 21 % in histologically normal, hyperplastic, and 
dysplastic cells, respectively (30). 

The detection of trisomy 7 in normal, hyperplastic, and 
metaplastic bronchial epithelium from cancer-free patients ex- 
tends a recent report describing LOH at chromosomes 3p, 5q, 
and 9p in dysplastic premalignant bronchial lesions harvested 
from current and former smokers by bronchoscopy (31). The 
inability to detect LOH at these chromosome loci in normal or 
early premalignant epithelium may stem from a difference in 
sensitivity between the methodologies used. The low frequency 
of trisomy 7 and cytologically abnormal cells collected from 
bronchoscopy is consistent with a lack of clonality within the 
brush cells. FISH assays on interphase cells permit screening of 
individual cells, and sensitivity for detection is limited only by 
the number of cells examined. In contrast, microsatellite anal- 
yses for LOH cannot detect nonclonal changes but require that 
the chromosome alteration be present in approximately 40- 
50% of the sample (32, 33). 

The role of trisomy 7 in lung cancer development has not 
been elucidated. Increased expression of EGFR, which is lo- 
cated on chromosome 7 (34), is observed in 50-80% of 
NSCLCs (16, 35, 36). EGFR expression appears greater in SCC 
than AC (35, 36) and is amplified in some cell lines derived 
from SCC (37). These findings corroborate our hypothesis that 
acquisition of trisomy 7 in bronchial epithelium could be prog- 
nostic for development of SCC. Moreover, expression of this 
gene is also increased in nonmalignant bronchial epithelium 
from NSCLC patients (16, 35) and in normal or premalignant 
epithelium adjacent to bead and neck tumors (38). Thus, altered 
expression of EGFR could enable cells that have acquired 
additional genetic changes to proliferate continually and escape 
from terminal differentiation (39). In addition, the c-met onco- 
gene is also locaied on chromosome 7 and is overexpressed in 
NSCLCs (40, 41). This oncogene encodes a transmembrane 
tyrosine kinase (42) that functions as a receptor for the hepa- 
tocyie growth factor (43) and is involved in sustaining the 
growth of NSCLC cells in culture (44). 

Previous studies have detected mutations in p53 (12, 14, 
35), chromosome losses at 9p2 1 (45) and 3p (46) in preinvasive 
bronchial lesions, and simple chromosome rearrangements in 
normal bronchial epithelium from proximal airways (47) of 
lung cancer patients. The prevalence of these genetic changes in 
normal epithelium from persons at risk for lung cancer should 
be quantified by FISH to define the temporal sequences of 
somatic genetic changes that precede the development of clonal 
lesions in the lung. This information will be invaluable in 
providing biological markers that can qualitatively estimate the 
extent of field cancerization in persons at risk for lung cancer 
and can be used to assess the efficacy of chemointervention 
trials. Ultimately, the efficiency for detecting these biological 
markers in bronchial epithelium versus exfoliated epithelial 
cells within sputum must be established to support the use of a 
"genetic-based" screening approach for individuals at high risk 
for lung cancer. The results of the current investigation have 
identified one potential biomarker, trisomy 7, that may be 
useful in early detection and intervention for lung carcino- 
genesis. 
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ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP-1 and WISP-2, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
Wnt-1, but not by Wnt-4. Together with a third related gene, 
WISP-3, these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (j) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tetracyline repressible promoter, and («) Wnt-1 transgenic 
mice. The WISP-1 gene was localized to human chromosome 
8q24.1-8q24.3. WISP-1 genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2- to >30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISPS 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to > 40-fold) in 63% of the colon tumors analyzed. 
In contrast, WISP-2 mapped to human chromosome 20ql2~ 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to >30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 



Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsh) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-3j3 (GSK-3/3) resulting in an increase in 
j3-catenin levels. Stabilized /3-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 
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the nucleus and binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (APC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
/3-catenin levels (9). APC is phosphorylated by GSK-30, binds 
to /3-catenin, and facilitates its degradation. Mutations in 
either APC or /3-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1). 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3, a member of 
the transforming growth factor (TGF)-/3 superfamily, and the 
homeobox genes, engrailed, goosecoid, twin {Xtwn), and siamois 
(2). A recent report also identifies c-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and refractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-1 
and WISP-2, and a third related gene, W1SP-3. The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA . 
Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor; CTGF, connective 
tissue growth factor; SSH, suppression subtractive hybridization; 
VWC, von Willebrand factor type C module. 
Data deposition: The sequences reported in this paper have been 
deposited in the Genbank database (accession nos. AF100777, 
AF100778, AF100779, AF100780, and AF100781). 
tTo whom reprint requests should be addressed, e-mail: diane@gene. 
com. 
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cDNA was synthesized from 2 fxg of poly(A) + RNA isolated 
from the C57MG/Wnt-1 cell line and driver cDNA from 2 ptg 
of poly(A) + RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. . 

cDNA Library Screening. Clones encoding full-length 
mouse WISP-1 were isolated by screening a AgtlO mouse 
embryo cDN A library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-1 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
coding full-length mouse and human WISP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WISPS were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PCR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 fxM of each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and glyceraldehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. 33 P-labeled sense and antisense ribo- 
probes were transcribed from an 897-bp PCR product corre- 
sponding to nucleotides 601-1440 of mouse WISP-1 or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WISP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-amplified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCl cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-myc in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2< Act > where ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
d-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The W/SP-specific signal was 
normalized to that of the glyceraIdehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosystems. 

RESULTS 

Isolation of WISP-1 and WISP-2 by SSH. To identify Wnt- 
1 -inducible genes, we used the technique of SSH using the 



mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/Wnt-1 cells. 

Two of the cDNAs, WISP-1 and WISP-2, were differentially 
expressed, being induced in the C57MG/Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. 1 A and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on /3-catenin levels (13, 14). Expression of WISP-1 was 
up-regulated approximately 3-fold in the C57MG/Wnt-1 cell 
line and WISP-2 by approximately 5-fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-1 gene under the control of a tetracycline- 
repressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-1 mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these ceils at 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WISP-1 were isolated and the 
sequence compared with mouse WISP-L The cDNA sequences 
of mouse and human WISP-1 were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of ~40,000 (M r 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 24). 

Full-length cDNA clones of mouse and human WISP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of ~27,000 (M r 27 K) (Fig. 2B). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 

C57MG 



Parent Wnt-1 Wnt-4 ' 




Fig. 1. WISP-1 and WISP-2 are induced by Wnt-1, but not Wnt-4, 
expression in C57MG cells. Northern analysis of WISP-1 (A) and 
WISP-2 (B) expression in C57MG, C57MG/Wnt-1, and C57MG/ 
Wnt-4 cells. Poly(A) + RNA (2 /ig) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse WISP-1 -specific probe 
(amino acids 278-300) or a 190-bp WISP-2-spec\fic probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridized with 
human /3-actin probe. 
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Fig. 2. Encoded amino acid sequence alignment of mouse and 
human (A) and mouse and human W1SP-2 (B). The potential 

signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWC, thrombospondin (TSP), and C-terminal (CT) domains are 
underlined. 

position 197. WISP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-L 

Identification of WISPS. To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-1 protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WlSP-3 cDNA of 1,371 bp was isolated corresponding to those 
ESTs that encode a 354-aa protein with a predicted molecular 
mass of 39,293. WISP-3 has two potential N-linked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
human WISP proteins shows that WISP-1 and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-1 and 32% identity with WISP-3 (Fig. 3/1). 

WISPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-1, WISP-2, and WISP-3 are novel sequences; 
however, mouse WISP-1 is the same as the recently identified 
Elml gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WISP-2 are homologous to the recently 
described rat gene, rCop-1 (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogenic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-/3 (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, similarity to Wnt-1. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 3B) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor (IGF)- 
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Fig. 3. (/i) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-1 and WISP-2 that are not 
present in WISP-3 are indicated with a dot. (B) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-1 has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 3 A and B). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown). 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels. 
WISP-1 expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WISP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISPS was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISPS 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISP-1 and WISP-2. Expression of 
WISP-1 and WISP 2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP-1 was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP-1 expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-1, WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 £-//). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 
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Fig. 4. (A , C, E, and G) Representative hematoxylin/eosin-stained 
images from breast tumors in Wnt-l transgenic mice. The correspond- 
ing dark-field images showing WISP-1 expression are shown in B and 
D. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power (A and B), 
expression of WISP-1 is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and D), and tumor cells are negative. 
Focal expression of WISP-1, however, was observed in tumor cells in 
some areas. Images of WISP-2 expression are shown in E-H. At low 
power (E and F\ expression of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and H). 



the predominant cell type expressing WISP-1 was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-1 is approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary fine 
mapping indicates that WISP-1 is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.1. Human WISPS mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000). WISPS is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-1 resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines was 
assessed by quantitative PCR and Southern blot analysis. (Fig. 
5 A and B). Both methods detected similar degrees of WISP-1 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-1 locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6). The copy number of WISP-1 and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-1 in about 60% of the tumors and 2- to 4-fold 
for WISP-2 in 92% of the tumors (P < 0.001 for each). The 
copy number for WISPS was indistinguishable from one (P = 
0.166). In addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-1 (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 
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Fig. 5. Amplification of WISP-1 genomic DNA in colon cancer cell 
lines. (A) Amplification in cell line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic DNA (10 jxg) 
digested with EcoRI (WISP-1) or Xbal (c-myc) were hybridized with 
a 100-bp human WISP-1 probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 
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Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means ± SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PCR (Fig. 7). The level of WISP-1 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-1, WISP-3 RNAwasoverexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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Fig. 7. WISP RNA expression in primary human colon tumors 
relative to expression in normal mucosa from the same patient. 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means ± SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 
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mucosa. The amount of overexpression of WISP-3 ranged from 
4- to >40-fold. 

DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-1. 

Three of the genes isolated, WISP-1, WISP-2, and WISP-3, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., /3-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-l-transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through j8-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WISP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-0, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WISP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin avfo serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-1 and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-j31, which is the stimulus for 
stromal proliferation (34). TGF-/31 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply WISP-1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP-1 
and WISP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP-1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
WISP-3 RNA was seen in the absence of DNA amplification. 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP-2 was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-1, the rat orthologue of 
WISP-2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in ceil lines (16). Although the mechanism by which 
WISP-2 RNA expression is down -regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and /3-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic /3-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. 
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1. Cadigan, K. M. & Nusse, R. (1997) Genes Dev. 11, 3286-3305. 

2. Dale, T. C. (1998) Biochem. J. 329, 209-223. 

3. Nusse, R. & Varmus, H. E. (1982) Cell 31, 99-109. 

4. van Ooyen, A. & Nusse, R. (1984) Cell 39, 233-240. 

5. Tsukamoto, A. S., Grosschedl, R., Guzman, R. C, Parslow, T. & 
Varmus, H. E. (1988) Cell 55, 619-625. 

6. Brown, J. D. & Moon, R. T. (1998) Curr. Opin. Cell Biol 10, 
182-187. 

7. Molenaar, M., van de Wetering, M., Oosterwegel, M., Peterson- 
Maduro, J., Godsave, S., Korinek, V., Roose, J., Destree, O. & 
Clevers, H. (1996) Cell 86, 391-399. 



8. Korinek, V., Barker, N., Willert, K., Molenaar, M., Roose, J., 
Wagenaar, G., Markman, M., Lamers, W., Destree, O. & Clevers, 
H. (1998) Mol Cell Biol 18, 1248-1256. 

9. Munemitsu, S., Albert, I., Souza, B., Rubinfeld, B. & Polakis, P. 
(1995) Proc. Natl Acad. Sci. USA 92, 3046-3050. 

10. He, T. C, Sparks, A. B., Rago, C., Hermeking, H., Zawel, L., da 
Costa, L. T., Morin, P. J., Vogelstein, B. & Kinzler, K. W. (1998) 
Science 281, 1509-1512. 

11. Diatchenko, L., Lau, Y. F., Campbell, A. P., Chenchik, A., 
Moqadam, F., Huang, B., Lukyanov, S., Lukyanov, K., Gurskaya, 
N., Sverdlov, E. D. & Siebert, P. D. (1996) Proc. Natl Acad. Sci. 
USA 93, 6025-6030. 

12. Brown, A. M., Wildin, R. S., Prendergast, T. J. & Varmus, H. E. 
(1986) Ce//46, 1001-1009. 

13. Wong, G. T., Gavin, B. J. & McMahon, A. P. (1994) Mol Cell 
Biol 14, 6278-6286. 

14. Shimizu, H., Julius, M. A., Giarre, M., Zheng, Z., Brown, A. M. 
& Kitajewski, J. (1997) Cell Growth Differ. 8, 1349-1358. 

15. Hashimoto, Y., Shindo-Okada, N., Tani, M., Nagamachi, Y., 
Takeuchi, K., Shiroishi, T., Toma, H. & Yokota, J. (1998)/. Exp. 
Med. 187, 289-296. 

1 6. Zhang, R., Averboukh, L., Zhu, W., Zhang, H., Jo, H., Dempsey, 
P. J., Coffey, R. J., Pardee, A. B. & Liang, P. (1998) Mol Cell 
Biol 18,6131-6141. 

17. Grotendorst, G. R. (1997) Cytokine Growth Factor Rev. 8, 171- 
179. 

18. Kireeva, M. L., Mo, F. E., Yang, G. P. & Lau, L. F. (1996) Mol 
Cell Biol 16, 1326-1334. 

19. Babic, A. M., Kireeva, M. L., Kolesnikova, T. V. & Lau, L. F. 
(1998) Proc. Natl Acad. Sci USA 95, 6355-6360. 

20. Martinerie, C, Huff, V., Joubert, I., Badzioch, M., Saunders, G., 
Strong, L. & Perbal, B. (1994) Oncogene 9, 2729-2732. 

21. Bork, P. (1993) FEBS Lett. 327, 125-130. 

22. Kim, H. S., Nagalla, S. R., Oh, Y., Wilson, E., Roberts, C. T., Jr. 
& Rosenfeld, R. G. (1997) Proc. Natl Acad. Sci. USA 94, 
12981-12986. 

23. Joliot, V., Martinerie, C, Dambrine, G., Plassiart, G., Brisac, M., 
Crochet, J. & Perbal, B. (1992) Mol Cell. Biol 12, 10-21. 

24. Mancuso, D. J., Tuley, E. A., Westfield, L. A., Worrall, N. K., 
Shelton-Inloes, B. B., Sorace, J. M., Alevy, Y. G. & Sadler, J. E. 
(1989)7. Biol Chem. 264, 19514-19527. 

25. Holt, G. D., Pangburn, M. K. & Ginsburg, V. (1990) I. Biol 
Chem. 265, 2852-2855. 

26. Voorberg, J., Fontijn, R., Calafat, J., Janssen, H., van Mourik, 
J. A. & Pannekoek, H. (1991) /. Cell. Biol 113, 195-205. 

27. Martinerie, C, Viegas-Pequignot, E., Guenard, I., Dutrillaux, B., 
Nguyen, V. C, Bernheim, A. & Perbal, B. (1992) Oncogene 7, 
2529-2534. 

28. Takahashi, E., Hon, T., O'Connell, P., Leppert, M. & White, R. 
(1991) Cytogenet. Cell. Genet. 57, 109-111. 

29. Meese, E., Meltzer, P. S., Witkowski, C. M. & Trent, J. M. (1989) 
Genes Chromosomes Cancer 1, 88-94. 

30. Garte, S. J. (1993) Crit. Rev. Oncog. 4, 435-449. 

31. Zhang, L;, Zhou, W., Velculescu, V. E., Kern, S. E., Hruban, 
R. H., Hamilton, S. R., Vogelstein, B. & Kinzler, K. W. (1997) 
Science 276, 1268-1272. 

32. Sun, P. D. & Davies, D. R. (1995) Annu. Rev. Biophys. Biomol 
Struct. 24, 269-291. 

33. Kireeva, M. L., Lam, S. C. T. & Lau, L. F. (1998)7. Biol Chem. 
273, 3090-3096. 

34. Frazier, K. S. & Grotendorst, G. R. (1997) Int. J. Biochem. Cell 
Biol 29, 153-161. 

35. Wernert, N. (1997) Virchows Arch. 430, 433-443. 

36. Tanner, M. M., Tirkkonen, M., Kallioniemi, A., Collins, C, 
Stokke, T., Karhu, R., Kowbel, D., Shadravan, F., Hintz, M., Kuo, 
W. L., et al (1994) Cancer Res. 54, 4257-4260. 

37. Brinkmann, U., Gallo, M., Polymeropoulos, M. H. & Pastan, I. 
(1996) Genome Res. 6, 187-194. 

38. Bischoff, J. R., Anderson, L., Zhu, Y., Mossie, K., Ng, L., Souza, 
B., Schryver, B., Flanagan, P., Clairvoyant, F., Ginther, C, et al 
(1998) EMBO J. 17, 3052-3065. 

39. Morin, P. J., Sparks, A. B., Korinek, V., Barker, N., Clevers, H., 
Vogelstein, B. & Kinzler, K. W. (1997) Science 275, 1787-1790. 

40. Lu, L. H. & Gillett, N. (1994) Cell Vision 1, 169-176. 



1862 v P. A. Haynes ei at. 





Electrophoresis 1998, !9 y 1862-1871 



Review 

Paul a. Haynes Proteome analysis: Biological assay or data archive? 
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Daniel Figeys In this rev j ew we examine the current stale of proteome analysis. There are 

Ruedi Aebersold three, main issues discussed: why it is necessary to study proteomes; how pro- 

- teomes can be analyzed with current technology; and how proteome analysis 

Department of Molecular can be u$ed tQ en hance biological research. We conclude that proteome anal- 

Biotechnology, University of ysis is an essential tool in the understanding of regulated biological systems. 

Washington, Seattle, WA, USA Current technology, while still mostly limited to the more abundant proteins, 

enables the use of proteome analysis both to establish databases of proteins 
present, and to perform biological assays involving measurement of multiple 
variables. We believe that the utility of proteome analysis in future biological 
research will continue to be enhanced by further improvements in analytical 
technology. 

Contents resolution two-dimensional gel electrophoresis (2-DE), 

. _ detected in the gel and identified by their amino acid 

1 Introduction sequence , jhe ease, sensitivity and speed with which gel- 

2 Rationale for proteome analysis^ 1862 separated proteins can be identified by the use of recently 
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1 Introduction 

A proteome has been defined as the protein complement 
expressed by the genome of an organism, or, in multicel- 
lular organisms, as the protein complement expressed by a 
tissue or differentiated cell [1]. In the most common im- 
plementation of proteome analysis the proteins extracted 
from the cell or tissue analyzed are separated by high 
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2 Rationale for proteome analysis 

The dramatic growth in both the number of genome 
projects and the speed with which genome sequences 
are being determined has generated huge amounts of 
sequence information, for some species even complete 
genomic sequences ([15-17]). The description of the 
state of a biological system by the quantitative measure- 
ment of system components has long been a primary 
objective in molecular biology. With recent technical 
advances including the development of differentia! dis- 
play-PCR [18], cDNA microarray and DNA chip techno- 
logy [19, 20] and serial analysis of gene expression 
(SAGE) [23, 22], it is now feasible to establish global and 
quantitative mRNA expression maps of cells and tissues, 
in which the sequence of all the genes is known, at a 
speed and sensitivity which is not matched by current 
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protein analysis technology. Given the long-standing 
paradigm in biology that DNA synthesizes RNA which 
synthesizes protein, and the ability to rapidly establish 
global, quantitative mRNA expression maps, the ques- 
tions which arise are why technically complex proteome 
projects should be undertaken and what specific types of 
information could be expected from proteome projects 
which cannot be obtained from genomic and transcript 

main reasons for pro- 
teome analysis to become an essential component in the 
comprehensive analysis of biological systems, (i) Protein 
expression levels are not predictable from the mRNA 
expression levels, (ii) proteins are dynamically modified 
and processed in ways which are not necessarily 
apparent from the gene sequence, and (iii) proteomes 
are dynamic and reflect the state of a biological system. 

2.1 Correlation between mRNA and protein expression 
levels 

Interpretations of quantitative mRNA expression profiles 
frequently implicitly or explicitly assume that for specific 
genes the transcript levels are indicative of the levels of 
protein expression. As part of an ongoing study in our 
laboratory, we have determined the correlation of expres- 
sion at the mRNA and protein levels for a population of 
selected genes in the yeast Saccharomyces cerevlsiae 
growing at mid-log phase (S. P. Gygi et ai, submitted for 
publication). mRNA expression levels were calculated 
from published SAGE frequency tables [221. Protein 
expression levels were quantified by metabolic radiola- 
behng of the yeast proteins, liquid scintillation counting 
ot the protein spots separated by high resolution 2-DE 
and mass spectrometry identification of the protein(s) 
migrating to each spot. The selected 80 samples consti- 
tute a relatively homogeneous group with respect to pre- 
dicted half-life and expression level of the protein pro- 
ducts. Thus far, we have found a general trend but no 
~ r . on f correlation between protein and transcript levels 
IWg. I). For some genes studied equivalent mRNA trans- 
cript levels translated into protein abundances which 
varied by more than 50-fold. Similarly, equivalent steady- 
state protein expression levels were maintained by trans- 
cript levels varying by as much as 40-foid (S P Gygi 
et al submitted). These results suggests that even for a 
population of genes predicted to be relatively, homoge- 
neous with respect to protein half-life and gene expres- 
sion, the protein levels cannot be accurately predicted 
trom the level of the corresponding mRNA transcript 
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are important indicators for the state of the system. The 
type of protein modification and the sites modified at a 
specific cellular state can usually not be determined 
trom the gene sequence alone. 

2.3 Proteomes are dynamic and reflect the state of a 
biological system . 



2.2 Proteins are dynamically modified and processed 

In the mature, biologically active form many proteins are 
post-translationally modified by glycosylation, phosphor- 
ylation prenylation, acylation, ubiquitination or one or 
more of many other modifications [23] and many pro- 
teins are only functional if specifically associated orcom- 
Plexed with other molecules, including DNA RNA pro- 
teins and organic and inorganic cofactors. Frequently 
modifications are dynamic and reversible and may alter 
We precise three-dimensional structure and the state of 
activity of a protein. Collectively, the state of modifica- 
tion of the proteins which constitute a biological system 



A single genome can give rise to many qualitatively and 
quantitatively different proteomes. Specific stages of the 
cell cycle jmd states of differentiation, responses to 
growth and nutrient conditions, temperature and stress 
and pathological conditions represent cellular states 
which are characterized by significantly different pro- 
teomes. The proteome, in principle, also reflects events 
hat are under translational and post-translational con- 
trol. It is therefore expected that proteomics will be able 
to provide the most precise and detailed molecular des- 
cription of the state of a cell or tissue, provided that the 
external conditions defining the state are carefully deter- 
mined. In answer to the question of whether the study 
o proteomes is necessary for the analysis of biomolec- 
ular systems, it is evident that the analysis of mature pro- 
em products in cells is essential as there are numerous 
levels of control of protein synthesis, degradation 
processing and modification, which are only apparent by 
direct protein analysis. y 

3 Description and assessment of current proteome 
analysis technology 

3.1 Technical requirements of proteome technology 

In biological systems the level of expression as well as 
the states of modification, processing and macro-molec- 
ular association of proteins are controlled and modu- 
lated depending on the state of the system. Comprehen- 
sive analysis of the identity, quantity and state of modifi- 
cation of proteins therefore requires the detection and 
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quantitation of the proteins which constitute the system, samples. The separation of thousands of proteins has 

and analysis of differentially processed forms. There are been achieved in a single gel [24, 25] and differentially 

a number of inherent difficulties in protein analysis modified proteins are frequently separated. Due to the 

which complicate these tasks. First, proteins cannot be compatibility of 2-DE with high concentrations of deter- 

amplified. It is possible to produce large amounts of a gents, protein denaturants and other additives promoting 

particular protein by over-expression in specific cell sys- protein solubility, the technique is widely used, 
terns. However, since many proteins are dynamically 

post-translationally modified, they cannot be easily am- The second step of this type of proteome analysis is the 
plified in the form in which they finally function in the identification and analysis of separated proteins. Individ- 
biological system. It is frequently difficult to purify from ual proteins from polyacrylamide gels have traditionally 
the native source sufficient amounts of a protein for been .identified using /V-terminal sequencing [26, 27], 
analysis. From a technological point of view this trans- internal peptide sequencing [28, 29], imrnunoblotting or 
lates into the need for high sensitivity analytical tech- comigration with known proteins [30]. The recent dra- 
niques. Second, many proteins are modified and pro- matic growth of large-scale genomic and expressed 
cessed post-translationally. Therefore, in addition to the sequence tag (EST) sequence databases has resulted in a 
protein identity, the structural basis for differentially fundamentalchange in the way proteins are identified by 
modified isoforms also needs to be determined. The dis- their amino acid sequence. Rather than by the traditional 
tribution of a constant amount of protein over several methods described above, protein sequences are now fire- 
differentially modified isoforms further reduces the quently determined by correlating mass spectral or 
amount of each species available for analysis. The com- tandem mass spectral data of peptides derived from pro- 
plexity and dynamics of post-translational protein edit- teins, with the information contained in sequence data- 
ing thus significantly complicates proteome studies, bases [31-33]. 
Third, proteins vary dramatically with respect to their 

solubility in commonly used solvents. There are few, if There are a number of alternative approaches to pro- 

any, solvent conditions in which all proteins are soluble teome analysis currently under development. There is 

and which are also compatible with protein analysis. This considerable interest in developing a proteome analysis 

makes the development of protein purification methods stragegy which bypasses. 2-DE altogether, because it is 

particularly difficult since both protein purification and considered a relatively slow and tedious process, and 

solubility have to be achieved under the same condi- because of perceived difficulties in extracting proteins 

tions. Detergents, in particular sodium dodecyl sulfate from the gel matrix for analysis. However, 2-DE as a 

(SDS), are frequently added to aqueous solvents to starting point for proteome analysis has many advan- 

maintain protein solubility. The compatibility with SDS tages compared to other techniques available today. The 

is a big advantage of SDS polyacrylamide gel electro- most significant strengths of the 2-DE-MS approach 

phoresis (SDS-PAGE) over other protein separation include the relatively uniform behavior of proteins in 

techniques. Thus, SDS-PAGE and two-dimensional gel gels, the ability to quantify spots and the high resolution 

electrophoresis, which also uses SDS and other deter- and simultaneous display of hundreds to thousands of 

gents, are the most general and preferred methods for proteins within a reasonable time frame, 
the purification of small amounts of proteins, provided 

that activity does not necessarily need to be maintained. A schematic diagram of a typical procedure of the identi- 

Lastly, the number of proteins in a given cell system is fication of gel-separated proteins is shown in Fig. 2. Pro- 

typically in the thousands. Any attempt to identify and tein spots detected in the gel are enzymatically or chemi- 

categorize all of these must use methods which are as cally fragmented and the peptide fragments are isolated 

rapid as possible to allow completion of the project for analysis, as already indicated, most frequently by MS 

within a reasonable time frame. Therefore, a successful, or MS/MS. There are numerous protocols for the gener- 

general proteomics technology requires high sensitivity, ation of peptide fragments from gel-separated proteins. 

high throughput, the ability to differentiate differentially They can be grouped into two categories, digestion in 

modified proteins, and the ability to quantitatively dis- the gel slice [28, 34] or digestion after electrotransfer out 

play and analyze all the proteins present in a sample, of the gel onto a suitable membrane ([29, 35-37] and 

reviewed in [38]). In most instances either technique is 

„ A m _ , t 4 applicable and yields good results. The analysis of MS or 

3.2 2-D electrophoresis - mass spectrometry: a common ^ £ ^ .* % ; n ^ ^ s 

.mplementation of proteome analysis because MS instruments can generate an enormous 

The most common currently used implementation of amount of information which cannot easily be managed 

proteome analysis technology is based on the separation manually. Recently, a number of groups have developed 

of proteins by two-dimensional (IEF/SDS-PAGE) gel software systems dedicated to the use of peptide MS 

electrophoresis and their subsequent identification and and MS/MS spectra for the identification of proteins, 

analysis by mass spectrometry (MS) or tandem mass Proteins are identified by correlating the information 

spectrometry (MS/MS). In 2-DE, proteins are first separ- contained in the MS spectra of protein digests or 

ated by isoelectric focusing (IEF) and then by SDS- MS/MS spectra of individual peptides with data con- 

PAGE, in the second, perpendicular dimension. Separ- tained in DNA or protein sequence databases, 
ated proteins are visualized at high sensitivity by staining 

or autoradiography, producing two-dimensional arrays of The systems we are currently using in our laboratory are 
proteins. 2-DE gels are, at present, the most commonly based on the separation of the peptides contained in pro- 
used means of global display of proteins in complex tein digests by narrow bore or capillary liquid chromatog- 
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Figure 2. Schematic diagram of a procedure for identification of gel- 
separated proteins. Peptides can either be separated by a technique 
such as LC or CE, or inrused as a mixture and sorted in the MS. Data- 
base searching can either be performed on peptide masses from an 
MS spectrum, peptide fragment masses from CID spectra of peptides, 
or a combination of both. 



raphy [39, 40) or capillary electrophoresis [41], the anal- 
ysis of the separated peptides by electrospray ioniza- 
tion (ESI) MS/MS, and the correlation of the generated 
peptide spectra with sequence databases using the 
SEQUEST program developed at the University of Wash- 
ington [32, 33]. The system automatically performs the 
following operations: a particular peptide ion character- 
ized by its mass-to-charge ratio is selected in the MS out 
of all the peptide ions present in the system at a parti- 
cular time; the selected peptide ion is collided in a colli- 
sion cell with argon (collision-induced dissociation, 
CID) and the masses of the resulting fragment ions are 
determined in the second sector of the tandem MS; this 
experimentally determined CID spectrum is then corre- 
lated with the CID spectra predicted from all the pep- 
tides in a sequence database which have essentially the 
same mass as the peptide selected for CID; this correla- 
tion matches the isolated peptide with a sequence seg- 
ment in a database and thus identifies the protein from 
which the peptide was derived. There are a number of 
alternative programs which use peptide CID spectra for 
protein identification, but we use the SEQUEST system 
because it is currently the most highly automated pro- 
gram and has proven to be successful, versatile and 
robust. 

3.3 Protein identification by LC-MS/MS, capillary 
LC-MS/MS and CE-MS/MS 

It has been demonstrated repeatedly that MS has a very 
high intrinsic sensitivity. For the routine analysis of gel- 
separated proteins at high sensitivity, the most signif- 
icant challenge is the handling of small amounts of 
sample. The crux of the problem is the extraction and 
transferal of peptide mixtures generated by the digestion 
of low nanogram amounts of protein, from gels into the 
MS/MS system without significant loss of sample or 
introduction of unwanted contaminants. We employ 
three different systems for introducing gel-purified sam- 
ples into an MS, depending on the level of sensitivity 



required. As an approximate guideline, for samples con- 
taining tens of picornoles of peptides, LC-MS/MS is 
most appropriate; for samples containing low picomole 
amounts to high femtomole amounts we use capillary 
LC-MS/MS; and for samples containing femtomoles or 
less, CE-MS/MS is the method of choice. 

3.3.1 LC-MS/MS 

The coupling of an MS to an HPLC system using a 
0.5 mm diameter or bigger reverse phase (RP) column 
has been described in detail [42). Tliis system has several 
advantages if a large number of samples are to be ana- 
lyzed and all are available in sufficient quantity. The 
LC-MS and database searching program can be run in a 
fully automated mode using an autosampter, thus maxi- 
mizing sample throughput and minimizing the need for 
operator interference. The relatively large column is 
tolerant of high levels of impurities from either gel prep- 
aration or sample matrix. Lastly, if configured with a 
flow-splitter and micro-sprayer [40], analyses can be per- 
formed on a small fraction of the sample (less than 5%) 
while the remainder of the sample is recovered in very 
pure solvents. This latter feature is particularly useful 
when an orthogonal technique is also used to analyze 
peptide fractions, such as scintillation of an introduced 
radiolabeled this data can be correlated with peptides 
identified by CID spectra. 

3.3.2 Capillary LC-MS 

An increase of sensitivity of approximately tenfold can be 
achieved by using a capillary LC system with a 100 urn ID 
column rather than a 0.5 mm ID column as referred to 
above. Since very low flow rates are required for such 
columns, most reports have used a precolumn flow split- 
ting system for producing solvent gradients. We have 
recently desribed the design and construction of a novel 
gradient mixing system which enables the formation 
of reproducible gradients at very low flow rates (low 
nL/min) without the need for flow splitting (A. Ducret 
et aL y submitted for publication). Using this capillary 
LC-MS/MS system we were able to identify gel-separat- 
ed proteins if low picomole to high femtomole amounts 
were loaded onto the gel [40]. This system is as yet not 
automated and, like all capillary LC systems, is prone to 
blockage of the columns by microparticulates when ana- 
lyzing gel-separated proteins. 

3.3.3 CE-MS/MS 

The highest level of sensitivity for analyzing gel-sep- 
arated proteins can be achieved by using capillary elec- 
trophoresis - mass spectrometry (CE-MS). We have de- 
scribed in the past a solid-phase extraction capillary elec- 
trophoresis (SPE-CE) system which was used with triple 
quadrupole and ion trap ESI-MS/MS systems for the 
identification of proteins at the low femtomole to sub- 
femtomole sensitivity level [43, 44]. While this system is 
highly sensitive, its operation is labor-intensive and its 
operation has not been automated. In order to devise an 
analytical system with both the sensitivity of a CE and 
the level of automation of LC, we have constructed 
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Figure 3. Schematic illustration of a 
microfabricated analytical system for CE, 
consisting of a micromachined device, 
coated capillary electroosmotic pump, 
and microelectrospray interface. The 
dimensions of the channels and reservoir 
are as indicated in the text. The channels 
on the device were graphically enhanced 
to make them more visible. Reproduced 
from (451, with permission. 



microfabricated devices for the introduction of samples 
into ESI-MS for high-sensitivity peptide analysis. 

The basic device is a piece of glass into which channels 
of 10-30 nm in depth and 50-70 \im in diameter are 
etched by using photolithography/etching techniques 
similar to the ones used in the semiconductor industry. 
(A simple device is shown in Fig, 3). The channels are 
connected to an external high voltage power supply [45]. 
Samples are manipulated on the device and off the 
device to the MS by applying different potentials to the 
reservoirs. This creates a solvent flow by electroosmotic 
pumping which can be redirected by changing the posi- 
tion of the electrode. Therefore, without the need for 
valves or gates and without any external pumping, the 
flow can be redirected by simply switching the position 
of the electrodes on the device. The direction and rate of 
the flow can be modulated by the size and the polarity 
of the electric field applied and also by the charge state 
of the surface. 

The type of data generated by the system is illustrated in 
Fig. 4, which shows the mass spectrum of a peptide sample 
representing the tryptic digest of carbonic anhydrase at 
290 fmol/nL. Each numbered peak indicates a peptide suc- 
cessfully identified as being derived from carbonic an- 



hydrase. Some of the unassigned signals may be chemical 
or peptide contaminants. The MS is programmed to auto- 
matically select each peak and subject the peptide to CID. 
The resulting CID spectra are then used to identify the 
protein by correlation with sequence databases. Therefore, 
this system allows us to concurrently apply a number of 
protein digests onto the device, to sequentially mobilize 
the samples, to automatically generate CID spectra of 
selected peptide ions and to search sequence databases 
for protein identification. These steps are performed auto- 
matically without the need for user input and proteins can 
be identified at very low femtomole level sensitivity at a 
rate of approximately one protein per 15 min. 

3.4 Assessment of 2-DE-MS proteome technology 

Using a combination of the analytical techniques de- 
scribed above we have identified the 80 protein spots 
indicated in Fig. 5. The protein pattern was generated by 
separating a total of 40 microgram of protein contained 
in a total cell lysate of the yeast strain YPH499 by high 
resolution 2-DE and silver staining of the separated pro- 
teins. To estimate how far this type of proteome analysis 
can penetrate towards the identification of low abun- 
dance proteins, we have calculated the codon bias of the 
genes encoding the respective proteins. Codon bias is a 
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Figure A. MS spectrum of a tryptic digest 
of carbonic anhydrase using the microfa- 
bricated system shown in Fig. 3. 290 
fmol/uL of carbonic anhydrase tryptic 
digest was infused into a Finnigan LCQ 
ion trap MS. Each peak was selected for 
CID, and those which were identified as 
containing peptides derived from car- 
bonic anhydrase are numbered. Repro- 
duced from [451, with permission. 
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calculated measure of the degree of redundancy of trip- 
let DNA codons used to produce each amino acid in a 
particular gene sequence. It has been shown to be a 
useful indicator of the level of the protein product of a 
particular gene sequence present in a cell [46]. The gen- 
eral rule which applies is that the higher the value of the 
codon bias calculated for a gene, the more abundant the 
protein product of that gene becomes. The calculated 
codon bias values corresponding to the proteins identi- 
Bed in Fig. 5 are shown in Fig. 6b. Nearly all of the pro- 
teins identified (> 95%) have codon bias values of > 0.2, 
indicating they are highly abundant in cells. In contrast' 
codon bias values calculated for the entire yeast genome 
(Fig, 6a) show that the majority of proteins present in 
the proteome have a codon bias of < 0.2 and are thus of 
low abundance. 

This finding is of considerable importance in our assess- 
ment of the current status of proteome analysis technol- 
ogy. It is clear that even using highly sensitive analytical 
techniques, we are only able to visualize and identify the 



more abundant proteins. Since many important regula- 
tory proteins are present only at low abundance, these 
would not be amenable to analysis using such tech- 
niques. This situation would be exacerbated in the anal- 
ysis of proteomes containing many more proteins than 
the approximately 6000 gene products present in yeast 
cells [16]. In the analysis of, for example, the proteome 
of any human cells, there are potentially 50000-100000 
gene products (47]. Inherent limitations on the amount 
of protein that can be loaded on 2-DE, and the number 
of components that can be resolved, indicate that only 
the most highly abundant fraction of the many gene 
products could be successfully analyzed. One approach 
that has been employed to circumvent these limitations 
is the use of very narrow range immobilized pH gradient 
strips for the first-dimension separation of 2-DE [48]. 
Since only those proteins which focus within the narrow 
range will enter the second dimension of separation, a 
much higher sample loading within the desired range is 
possible. This, in turn, can lead to the visualization and 
identification of less abundant proteins. 
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/Ifcur* 6. Calculated codon bias values for yeast proteins. (A) Distribu- 
tion of calculated values for the entire yeast proteome. (B) Distribu- 
tion of calculated values for the subset of 80 identified proteins also 
shown in Figs. 1 and 5. Further details of experimental procedures are 
included in S. P. Gygi et at. (submitted). 



4 Utility of proteome analysis for biological 
research 

For the success of proteomics as a mainstream approach 
to the analysis of biological systems it is essential to 
define how proteome analysis and biological research 
projects intersect. Without a clear plan for the implemen- 
tation of proteome-type approaches into biological re- 
search projects the full impact of the technology can not 
be realized. The literature indicates that proteome anal- 
ysis is used both as a database/data archive, and as a bio- 
logical assay or biological research tool. 

4.1 The proteome as a database 

The use of proteomics as a database or data archive 
essentially entails an attempt to identify all the proteins 
in a cell or species and to annotate each protein with the 
known biological information that is relevant for each 
protein. The level of annotation can, of course, be exten- 
sive. The most common implementation of this idea is 
the separation of proteins by high resolution 2-DE, the 
identification of each detected protein spot and the 
annotation of the protein spots in a 2-DE gel database 
format. This approach is complicated by the fact that it is 
difficult to precisely define a proteome and to decide 
which proteome should be represented in the database. 
In contrast to the genome of a species, which is essen- 
tially static, the proteome is highly dynamic. Processes 
such as differentiation, cell activation and disease can all 
significantly change the proteome of a species. This is 
illustrated in Fig. 7. The figure shows two high-resolu- 



tion 2-DE maps of proteins isolated from rat serum. 
Fig. 7A is from the serum of normal rats, while Fig. 7B 
is from the serum of rats in acute-phase serum after 
prior treatment with an inflammation-causing agent [49]. 
It is obvious that the protein patterns are significantly 
different in several areas, raising the question of exactly 
which proteome is being described. 

Therefore, a comprehensive proteome database of a spe- 
cies or cell type needs to contain all of the parameters 
which describe the state and the type of the cells from 
which the proteins were extracted as well as the software 
tools to search the database with queries which reflect 
the dynamics of biological systems. A comprehensive 
proteome database should be capable of quantitatively 
describing the fate of each protein if specific systems 
and pathways are activated in the cell. Specifically, the 
quantity, the degree of modification, the subcellular loca- 
tion and the nature of molecules specifically interacting 
with a protein as well as the rate of change of these 
variables should be described. Using these admittedly 
stringent criteria, there is currently no comlete proteome 
database; A number of such databases are, however, in 
the process of being constructed. The most advanced 
among them, in our opinion, are the yeast protein data- 
base YPD [50] (accessible at http://www.ypd.com) and 
the human 2D-PAGE databases of the Danish Centre 
for Human Genome Research [12] (accessible at http:// 
biobase.dk/cgi-bin/celis). While neither can be con- 
sidered complete as not all of the potential gene pro- 
ducts are identified, both contain extensive annotation 
of supplemental information for many of the spots 
which are positively identified in reference samples. 

4.2 The proteome as a biological assay 

The use of proteome analysis as a biological assay or 
research tool represents an alternative approach to inte- 
grating biology with proteomics. To investigate the state 
of a system, samples are subjected to a specific prbceess 
that allows the quantitative or qualitative measurement 
of some of the variables which describe the system. In 
typical biochemical assays one variable (e.g., enzyme 
activity) of a single component (e.g., a particular en- 
zyme) is measured. Using proteomics as an assay, mul- 
tiple variables (e.g., expression level, rate of synthesis, 
phosphorylation state, etc) are measured concurrently 
on many (ideally all) of the proteins in a sample. The 
use of proteomics as an assay is a less far-reaching prop- 
osition than the construction of a comprehensive pro- 
teome database. It does, however, represent a pragmatic 
approach which can be adapted to investigate specific 
systems and pathways, as long as the interpretation of 
the results takes into account that with current technol- 
ogy not all of the variables which describe the system 
can be observed (see Section 3.4). 

A common implementation of proteome analysis as a 
biological assay is when a 2-DE protein pattern gener- 
ated from the analysis of an experimental sample is 
compared to an array of reference patterns representing 
different states of the system under investigation. The 
state of the experimental system at the time the sample 
was generated is therefore determined by the quantita- 
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tive comparative analysis of hundreds to a few thousand 
proteins. Comparative analysis of the 2-DE patterns fur- 
thermore highlights quantitative and qualitative differ- 
ences in the protein profiles which correlate with the 
state of the system. For this type of analysis it is not 
essential that all the proteins are identified or even visii- 
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alized, although the results become more informative as 
more proteins are compared. It is obvious, however, that 
the possibility to identify any protein deemed character- 
istic for a particular state dramatically enhances this 
approach by opening up new avenues for experimenta- 
tion. 
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Figure 7. High resolution 2-DE map of proteins isolated from rat serum with or without prior exposure to an inflam- 
mation-causing agent. (A) normal rat serum, (B) acute-phase serum from rats which had previously been exposed to 
an inflammation-causing agent. The first dimension of separation is an IPG from pH 4—10, and the second dimen- 
sion is a 7.5-1 7,5%T gradient SDS*PAGE gel. Proteins were visualized by staining with amido black. Further details 
of experimental procedures are included in (14, 491. 
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Proteome analysis as a biological assay has been success- 
fully used in the field of toxicology, to characterize 
disease states or to study differential activation of cells. 
The approach is limited, of course, by the fact that only 
the visible protein spots are included in the assay, and it 
is well known that a substantial but far from complete 
fraction of cellular proteins are detected if a total cell 
lysate is separated by 2-DE. Proteins may not be 
detected in 2-DE gels because they are not abundant 
enough to be visualized by the detection method used, 
because they do not migrate within the boundaries (size, 
pi) resolved by the gel, because they are not soluble 
under the conditions used, or for other reasons. 

A different way to use proteome analysis as a biological 
assay to define the state of a biological system is to take 
advantage of the wealth of information contained in 
2-DE protein patterns. 2-DE is referred to as two-dimen- 
sional because of the electrophoretic mobility and the 
isoelectric points which define the position of each pro- 
tein in a 2-DE pattern. In addition to the two dimen- 
sions used to generate the protein patterns, a number of 
additional data dimensions are contained in the protein 
patterns. Some of these dimensions such as protein 
expression level, phosphorylation state, subcellular loca- 
tion, association with other proteins, rate of synthesis or 
degradation indicate the activity state of a protein or a 
biological system. Comparative analysis of 2-DE protein 
patterns representing different states is therefore ideally 
suited for the detection, identification and analysis of 
suitable markers. Once again it must be emphasized that 
in this type of experiment only a fraction of the cellular 
proteins is analyzed. Since many regulatory proteins are 
of low abundance, this limitation is a concern, particu- 
larly in cases in which regulatory pathways are being 
investigated. 

5 Concluding remarks 

In this report we have addressed three main issues 
related to proteome analysis. First, we have discussed 
the rationale for studying proteomes. Second, we have 
assessed the technical feasibility of analyzing proteomes 
and described current proteome technology, and third, 
we have analyzed the utility of proteome analysis for bio- 
logical research. It is apparent that proteome analysis is 
an essential tool in the analysis of biological systems. 
The multi-level control of protein synthesis and degrada- 
tion in cells means that only the direct analysis of 
mature protein products can reveal their correct identi- 
ties, their relevant state of modification and/or associa- 
tion and their amounts. Recently developed methods 
have enabled the identification of proteins at ever- 
increasing sensitivity levels and at a high level of auto- 
mation of the analytical processes. A number of tech- 
nical challenges, however, remain. While it is currently 
possible to identify essentially any protein spots that can 
be visualized by common staining methods, it is ap- 
parent that without prior enrichment only a relatively 
small and highly selected population of long-lived, 
highly expressed proteins is observed. There are many 
more proteins in a given cell which are not visualized by 
such methods. Frequently it is the low abundance pro- 
teins that execute key regulatory functions. 



We have outlined the two principal ways proteome anal- 
ysis is currently being used to intersect with biological 
research projects: the proteome as a database or data 
archive and proteome analysis as a biological assay. Both 
approaches have in common that at present they are con- 
ceptually and technically limited. Current proteome data- 
bases typically are limited to one cell type and one state 
of a cell and therefore do not account for the dynamics 
of biological systems. The use of proteome analysis as a 
biological assay can provide a wealth of information, but 
it is limited to the proteins detected and is therefore not 
truly proteome-wide. These limitations in proteomics are 
to a large extent a reflection of the fact that proteins in 
their fully processed form cannot easily be amplified and 
are therefore difficult to isolate in amounts sufficient for 
analysis or experimentation. The fact that to date no 
complete proteome has been described further attests to 
these difficulties. With continued rapid progress in pro- 
tein analysis technology, however, we anticipate that the 
goal of complete proteome analysis will eventually 
become attainable. 
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High-throughput technologies, such as proteomic screening and DNA micro-arrays, produce vast 
amounts of data requiring comprehensive analytical methods to decipher the biologically relevant 
results. One approach would be to manually search the biomedical literature; however, this would be 
an arduous task. We developed an automated literature-mining tool, termed MedGene, which 
comprehensively summarizes and estimates the relative strengths of all human gene-disease 
relationships in Medline. Using MedGene. we analyzed a novel micro-array expression dataset 
comparing breast cancer and normal breast tissue in the context of existing knowledge. We found no 
correlation between the strength of the literature association and the magnitude of the difference in 
expression level when considering changes as high as 5-fold; however, a significant correlation was 
observed (r = 0.41; p — 0.05) among genes showing an expression difference of 10-fold or more. 
Interestingly, this only held true for estrogen receptor (ER) positive tumors, not ER negative. MedGene 
identified a set of relatively understudied, yet highly expressed genes in ER negative tumors worthy of 
further examination. 
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Introduction 

At its current pace, the accumulation of biomedical literature 
outpaces the ability of most researchers and clinicians to stay 
abreast of their own immediate fields, let alone cover a broader 
range of topics. For example, to follow a single disease, e.g., 
breast cancer, a researcher would have had to scan 130 different 
journals and read 27 papers per day in fiftSTThfe problem is 
accentuated with high-throughput technologies such as DNA 
micro-arrays and proteomics. which require the analysis of 
large datasets involving thousands of genes, many of which are 
unfamiliar to a particular researcher. In any microarray experi- 
ment, thousands of genes may demonstrate statistically sig- 
nificant expression changes, but only a fraction of these may 
be relevant to the study. The ability to interpret these datasets 
would be enhanced if they could be compared to a compre- 
hensive summary of what is known about all genes. Thus, there 
is a need to summarize existing knowledge in a format that 
allows for the rapid analysis of associations between genes and 
diseases or other specific biological concepts. 

One solution to this problem is to compile structured digital 
resources, such as the Breast Cancer Gene Database 1 and the 
Tumor Gene Database. 2 However, as these resources are hand- 
curated. the labor-intensive review process becomes a rate- 
limiting step In the growth of the database. As a result, these 
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databases have a limited scale and the genes are not selected 
in a systematic fashion. 

An alternative approach is automated text mining; a method 
which involves automated information extraction by searching 
documents for text strings and analyzing their frequency and 
context. This approach has been used successfully in several 
instances for biological applicatior s. In most cases, it has been 
applied to extract information about the relationships or 
interactions that proteins or genes have with one another, in 
the literature or by functional annotation. 3 * 7 Thus far, few 
publication have applied text-mining to examine the global 
relationships between genes and diseases. Perez-Ira txeta et al. 
automatically examined the GO (Gene Ontology) annotation 
of genes and their predicted chromosomal locations in order 
to identify genes linked to inherited disorders. 8 

To obtain a more global understanding of disease develop- 
ment, it would be valuable to incorporate information regarding 
all possible gene*disease relationships, including biochemical, 
physiological, pharmacological, epidemiological, as well as 
genetic. This information would enable comprehensive com- 
parisons between large experimental datasets and existing 
knowledge in the literature. This would accomplish two things. 
First, it would serve to validate experiments by demonstrating 
that known responses occur as predicted. Second, it would 
rapidly highlight which genes are corroborated by the literature 
and which genes are novel in a given context. We have utilized 
a computational approach to literature mining to produce a 
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comprehensive set of gene-disease relationships. In addition, 
we have developed a novel approach to assess the strength of 
each association based on the frequency of citation and co- 
citation. We applied this tool to help interpret the data from a 
large micro-array gene expression experiment comparing 
normal and cancerous breast tissue. 

Methods 

MedGene Database. MedGene is a relational database, stor- 
ing disease and gene information from NCBI, text mining re- 
sults, statistical scores, and hyperlinks to the primary lit- 
erature. MedGene has a web-based user interface for users to 
query the database (http://hipseq.med.harvard.edu/MedGene/). 

Text Mining Algorithms. MeSH files were downloaded from 
the MeSH web site at NLM (Nation Library of Medicine) (http:// 
www.nlm.nih.gov/mesh/meshhome.html) and human disease 
categories were selected. LocusLink files were downloaded from 
the LocusLink web site at NCBI (http://www.ncbi.nih.gov/ 
LocusLink/). Official/preferred gene symbol, official/preferred 
gene name, and gene alternative symbols and names, all 
relevant annotations and URLs for each LocusLink record, were 
collected. Gene search terms were used for literature searching 
and included all qualified gene names, gene symbols, and gene 
family terms. Primary gene keys, predominantly qualified gene 
family terms and gene official/preferred symbols, were used 
to index Medline records, if the official/preferred gene symbols 
did not meet the standards to be an index, then qualified gene 
official/preferred names were used. A local copy of Medline 
records (up to July, 2002) was pre-selected. 

A JAVA module examined the MeSH terms and then indexed 
each Medline record with the appropriate disease terms. A 
separate JAVA module was used to examine the titles and 
abstracts for gene search terms and then to index the gene- 
related Medline records with the relevant primary gene key(s). 

Statistical Methods. For every gene and disease pair, we 
counted records that were indexed for both gene and disease 
(double positive hits), for disease only (disease single hits), for 
gene only (gene single hits), and for neither gene nor disease 
(double negative hits) to generate a 2 x 2 contingency table. 
On the basis of the contingency table-framework, we applied- 
different statistical methods to estimate the strength of gene- 
disease relationships and evaluated the results. These methods 
included chi-square analysis. Fisher's exact probabilities, rela- 
tive risk of gene, and relative risk of disease 16 (http:// 
hipseq.med.harvard.edu/MedGene/). In addition, we computed 
the "product of frequency", which is the product of the 
proportion of disease/gene double hits to disease single hits 
and the proportion of disease/gene double hits to gene single 
hits. To obtain a normal distribution, we transformed all the 
statistical scores using the natural logarithm. We selected the 
log of the product of frequency (LPF) to validate MedGene and 
to use for the analysis with the micro-array data. Spearman 
rank-correlation coefficients were used to assess the linear 
relationship between LPF and micro-array fold change in 
expression level. 

Global Analysis. Diseases with at least 50 related genes were 
selected for clustering analysis, and the LPF scores were 
normalized with total score for each disease. Hierarchical 
clustering was done with the "Cluster" software and the 
clustering result was visualized using TreeViewer" (http:// 
rana.lbl.gov/EisenSoftware.htm). 
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Breast Tissue Micro-Arrays. Eighty-nine breast cancer 
samples (79% ER-positive) and 7 normal breast tissue samples 
were selected from the Harvard Breast SPORE frozen tissue 
repository and were representative of the spectrum of histo- 
logical types* grades, and hormone receptor immuno-pheno- 
types of breast cancer. Biotinylated cRNA, generated from the 
total RNA extracted from the bulk tumor, was hybridized to 
Asymetrix U95A oligo-nucleotlde micro-arrays. These micro- 
arrays consist of 12 400 probes, which represent approximately 
9000 genes. Raw expression values were obtained using GENE- 
CHIP software from Affymetrix, and then further analyzed using 
the DNA-Chip Analyzer (dChip) custom software. 

Results 

Automated Indexing of Medline Records by Disease and 
Gene. To study the gene-disease associations in the literature, 
we first compiled complete lists for human diseases and human 
genes. To Index all Medline records that were relevant to 
human diseases, the Medical Subject Heading (MeSH) index 
of Medline records was utilized. MeSH is a controlled medical 
vocabulary from the National Library of Medicine and consists 
of a set of terms or subject headings that are arranged in both 
an alphabetic and an hierarchical structure. Medline records 
are reviewed manually and MeSH terms are added to each with 
software assistance. 9 - 10 Twenty-three human disease category 
headings along with all of their child terms (see the Supporting 
Information. Supplemental Table 1. or visit http://hipseq. 
med.narvard.edu/MedGene/publication/sjrable l.html) were 
selected from the 2002. MeSH Index creating a list of 4033 
human diseases. 

No index comparable to the MeSH index exists for genes, 
and thus, it was necessary to apply a string search algorithm 
for gene names or symbols found in Medline text. A complete 
list of genes, gene names, gene symbols, and frequently used 
synonyms were collected from the LocusLink database at 
NCBI,"-' 2 which contains 53 259 independent records keyed 
by an official gene symbol or name (June 18* 2002). For the 
purposes of this study, no distinction was made between genes 
and their gene products. Authors often use the same name for 
both, differentiating the two only by the use of italics, if at all. 
For the intended use of this .study, this lack of distinction is 
unlikely to have a large effect and may in fact be beneficial. 

Initial attempts to search the literature using these lists 
revealed several sources of false positives and false negatives 
fTable 1). False positives primarily arose when the searched 
term had other meanings, whereas false negatives arose from 
syntax discrepancies necessitating the development of filters 
to reduce these errors. The syntax issues were readily handled 
by including alternate syntax forms in the search terms. The 
false positive cases, caused by duplicative and unrelated 
meanings for the terms, were more difficult to manage. Where 
possible, case sensitive string mapping reduced inappropriate 
citations. In many cases, however, this was not sufficient and 
the terms had to be eliminated entirely, thereby reducing the 
false positive rate but unavoidably under-representing some 
genes. 

For the purposes of data tracking, a primary gene key was 
selected to represent all synonyms that correspond to each 
gene. Medline records were indexed with a primary gene key 
when any synonym for that key was found In the title or 
abstract. Case-insensitive string, mapping was used for all 
searches except as noted above. No additional weight was 
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Table 1. Systematic Sources of False Positives and False Negatives In Unentered Data* 



source of error 



error type 



example 



filter solution 



gene symbol/name false positive 

is not unique 



gene symbol is false positive 

unrelated abbreviation 

gene symbol/name false positive 

has language meaning 

nonstandard syntax false negative 

unofficial gene name/symbol false negative 

nonspecifled gene name false negative 



A*4G-myelin 

associated glycoprotein 
M/!G-malignancy-associated 

protein 

PA— pallid homologue (mouse). 

pa Hid in (also abbrev. for Pennsylvania) 
jy/lS-Wlskott-AIdrich Syndrome 

(also the word "was") 
BAC-1 instead of BACl 
P53 instead of TP53 
estrogen receptor instead of 

Estrogen receptor 1 



eliminate this term 

eliminate this term 

case-sensitive string search 

add dash term 

add all gene nicknames 

add family stem term 



M In preliminary studies. Medline was searched for co-occunence of genes and diseases and the resulting output was evaluated to identify error sources that 
were amenable to global filters. Each error source Is categorized by the type of error It causes: false positives are suggested relationships that are not real and 
false negatives are real relationships that are underrcpresented. The filter soluUons used are Indicated. Note that in some cases, the filter solution itself Introduces 
error. In general, error rates maximized sensiUvlty, even at the expense of specificity if needed. 



added for multiple occurrences of a term or the co-occurrence 
of multiple synonyms for the same gene key. 

Medline records were searched with all qualified gene 
identifiers, such as the official/preferred gene symbol, the 
official/preferred gene name, all gene nicknames and all syntax 
variants. In situations where there are several members of a 
gene family or splice variants, some authors prefer to use a 
shortened gene family name, e.g., estrogen receptor instead of 
estrogen receptor 1 {ESRJ), creating a source of false negatives. 
For this reason t gene family stem terms were created for all 
genes that have an alpha or numerical suffix (e.g.. IL2RA TGFP. 
ESRJ, etc.) and then used to search the literature. The family 
stem terms were handled separately from the specific gene 
names so that it would be clear when linkages were made to 
.the gene family versus a specific member in that family. 

To improve performance and accuracy, some pre-selection 
was applied to the records that were scanned. First, review 
articles were eliminated to avoid redundant treatment of 
citations. Second. non-English journals were removed because 
the natural language filters were only relevant to English 
publications. Finally, journals unlikely to contain primary data 
about gene-disease relationships were also removed (e.g., Int. 
I Health Educ, Bedside Nurse, and / Health Econ.). Together, 
these filters reduced the 12 198 221 Medline publications (July 
2002) by 37%. 

Ranking the Relative Strengths of Gene-Disease Associa- 
tions. In total, there were 618 708 gene-disease co-citations, 
in which 16% (8297) of all studied genes had been associated 
to a disease and 96% (3875) of all diseases had been associated 
to at least one gene. To rank the relative strengths of gene 
disease relationships, we tested several different statistical 
methods and examined the results. With the exception of the 
relative risk estimates, the methods provided similar results 
with respect to the rank order of the gene-disease association 
strengths. However, after comparing ihe results to other 
databases and after consulting disease experts, the log of the 
product of frequency (LPF) was selected for further analysis 
because it gave the best results overall. 

Validation of MedGene. In developing this tool, it was 
important to minimize the number of missed genes (false 
negatives) and miscalled genes (false positives). However, in 
situations when these goals were in conflict, inclusiveness was 
prioritized. To determine the false negative rate in MedGene. 
breast cancer was used as a test case because it was associated 
with more genes than any other human disease and because 




Figure 1. Estimation of the fa»se negative rate by comparison 
with hand-curated databases, fhe breast cancer-related genes 
identified by MedGene were compared with those listed in 
several other databases including the Tumor Gene Database 
(TGD),* the Breast Cancer Gene Oatabase(BCG). 1 GeneCards 
(GC) 17 and Swissprot. 18 Genes were considered false negatives 
if they were represented In at least one of these other databases 
and not in MedGene and their link to breast cancer was sup- 
ported by at least one literature reference. All literature references 
were verified by manual review to confirm their validity. The 
number of genes in each database or shared by more than one 
database Is indicated. The false negative rate was calculated by 
genes missed at MedGene (26)/total number of nonoverlapping 
genes in other databases (285). 

there were several public databases that link genes to breast 
cancer. We compared the list of breast cancer-related genes 
from MedGene to these databases, illustrated in Figure 1. 
Among the 285 distinct breast cancer-related genes that were 
supported by at least one literature citation in these hand- 
curated databases, 26 were absent from MedGene, suggesting 
a false negative rate of approximately 9%. To determine why 
these were missed, all literature references for these genes (80 
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papers) were reviewed manually (see the Supporting Informa- 
tion, Supplemental Table 2. or visit http://hipseq.med. 
harvard.edu/MedGene/publication/sjrable 2.html). Among 
these papers, most false negatives were caused by nonstandard 
gene terms or gene terms eliminated by our specificity filters. 
Few genes were missed because they were only mentioned in 
review papers (0.4%) or they appeared only in the body of the 
manuscript but not the abstract or title (1,1%). Of note. 
MedGene identified approximately 2000 additional breast 
cancer-related genes not listed In any other database. 

To assess the false positive error rate, two complementary 
approaches were used: a detailed analysis of one disease and 
a global examination of 1000 diseases. The detailed approach 
examined the false positive error rate and its sources, whereas 
the global approach tested whether the overall results made 
biomedical sense. 

Using the LPF, 1467 genes related to prostate cancer were 
assembled in rank order. We then retrieved approximately 300 
Medline records each for the highest ranked 100 and the lowest 
ranked 200 genes and manually reviewed the titles and 
abstracts to determine the verity of the association. Nearly 80% 
of the highest ranked 100 genes fell into one of the five 
categories that reflect meaningful gene-disease relationships 
(see the Supporting Information, Supplemental Table 3, or visit 
http://hipseq.med.harvard.edu/MedGene/publication/ 
sJTable 3.html). Among the lowest ranked 200 genes, ap- 
proximately 70% reflected true relationships. Of the 600 records 
reviewed, there were only two in which the association between 
the gene and the disease was described as negative. Both were 
genes with very low scores. In both cases, the authors did not 
argue the absence of any relationship, but rather that a 
particular feature of the gene or protein was not shown to be 
related to human prostate cancer. 1 * 14 

The coincidence of some gene symbols with medical ab- 
breviations, chemical abbreviations and biological abbrevia- 
tions resulted in most of the false positives (see the Supporting 
Information, Supplemental Table 4. or visit http://hipse- 
q.med.harvard.edu/MedGene/publicaUon/s_Table 4.html), em- 
phasizing the importance of the filters that were added in the 
search algorithm (Table 1). Without the filters, the false positive 
rate more than doubled, and the false negative rate rose 
dramatically (data not shown). For example, among the papers 
about breast cancer, there were only 12 Medline records that 
referred to ESRl and 10 to ESR2, whereas almost 2000 papers 
mentioned estrogen receptor without specifying ESRl or ESR2; 
this latter group was detected by the family stem term filter. 

To further validate these results, a global analysis of the gene- 
disease relationships described by MedGene was performed. 
For this experiment, it was reasoned that the more closely 
related the diseases are to one another, the more they will be 
related to the same gene sets. Thus, if the relationships defined 
by MedGene accurately reflected the literature, then an unsu- 
pervised hierarchical clustering of the gene data should group 
diseases in a manner consistent with common medical think- 
ing. Conversely, if the clustered diseases do not make sense 
biologically or medically, it may reflect excessive false positives, 
false negatives, or inappropriate scoring of the data. 

To execute this experiment, the gene sets and the corre- 
sponding LPF values for 1000 randomly selected diseases (each 
with at least 50 gene relationships) were used as a dataset for 
clustering the diseases. A review of the results showed that the 
resulting disease clusters were indeed logical based upon 
common medical knowledge (see the Supporting Information. 
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Supplemental Figure 1, or visit http://hipseq.rned.harvard.edu/ 
MedGene/publication/s_Figure l.html). For example, in one 
such cluster shown in Figure 2, diabetes and Its complications 
grouped together and were also closely linked to diseases 
associated with starvation states. 

The number of genes associated with a given disease can 
be estimated by adjusting the MedGene number up by the false 
negative rate (-9%) and down by the false positive rate (~26% 
on average). Using this, the average disease has 103.7 ± 45.3 
(mean ± s.d.) genes associated with it. although the range is 
quite broad with 2359 genes related to breast cancer. 2122 
genes related to lung cancer and no genes related to a number 
of diseases. 

Applying MedGene to the Analysis of Large Datasets. Access 
to a comprehensive summary of the genes linked to human 
diseases provided an opportunity to analyze data obtained from 
a high-throughput experiment. We compared the MedGene 
breast cancer gene list to a gene expression data set generated 
from a micro-array analysis comparing breast cancer and 
normal breast tissue samples. Micro-array analysis identified 
2286 genes that had greater than a 1-fold difference in mean 
expression level between breast cancer samples and normal 
breast samples. Using MedGene, we sorted the 2286 genes Into 
four classes: 555 genes direcdy linked to breast cancer in the 
literature by gene term search (first-degree association by gene 
name); 328 genes directly linked by family term search (first- 
degree association by family term): 1021 genes linked to breast 
cancer only through other breast cancer genes (second-degree 
association); and 505 genes not previously associated with 
breast cancer. (See the Supporting Information, Supplemental 
Figure 2. or visit http://hipseq.med.harvard.edu/MedGene/ 
pubIication/s_Figure 2.html.) Among the 505 previously un- 
related genes. 467 were either newly identified genes or genes 
that had not previously been associated with any disease. 
Among the remaining 38 genes. 9 had been related to other 
cancers, specifically esophageal, colon, uterine, skin, and cervix. 

To determine whether the genes highlighted by the micro- 
array analysis were more likely to have been previously linked 
to breast cancer in the literature, we created a two-dimensional 
plot of the fold change of expression level between breast 
cancer and normal tissue versus the literature score (LPF) 
(Figure 3A). There was a b*t>ad spread of expression changes 
among the genes directly linked to breast cancer ranging from 
less than' 1-fold change (68%) to over 40-fold (0.3%). Notably, 
the majority of genes with greater than 10-fold expression 
changes were linked to breast cancer by first-degree associa- 
tion. 

Among all 754 genes directly linked to breast cancer in the 
literature, there was no correlation between LPF and micro- 
array fold change (r = 0.018. p-value = 0.62). However, when 
we stratified the analysis based on the magnitude of the fold 
change, we observed an increasing trend in correlation (Figure 
3B) suggesting that genes with a more substantial change in 
expression level were more likely to have a stronger association 
in the literature. For genes that had 10-fold change or more in 
expression level, the correlation increased to 0.41 (p-value = 
0.05). 

When we evaluated the micro-array data separately for ER 
positive and ER negative tumors, the trend in correlation 
between fold change and literature score was highly dependent 
on estrogen receptor status. Interestingly, there was a similar 
trend in correlation for ER positive tumors, bm no trend in 
correlation for ER negative tumors. 
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Figure 2. Global validation by clustering analysis. 2(A). The gene sets and the corresponding LPF values for 1000 diseases, each with 
at least 50 gene relationships, were used in an unsupervised clustering of the diseases based on the gene patterns associated with 
them. A sample of the data is shown here. 2(B). One of the resulting clusters is shown that corresponds to blood sugar states. Diabetes 
terms (above the line) and starvation states terms (under the line) clustered together. Within these groups, there is also clustering of 
diabetic small vessel complications, altered serum chemistries, nutritional disorders. etc.(Supplemental Figure 1: http://hipseq.med. 
harvard.edu/MedGene/publication/s_Figure 1 .html). 



Finally, to validate our findings, we computed similar cor- 
relations between the breast cancer expression data and 
LPF scores generated by MedGene for hypertension, a 



disease unrelated to breast cancer. As expected, we did not 
observe an increasing trend in correlation for hyperten- 



sion. 
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Figure 3. Relationship between literature score and functional data lor breast cancer. 3A. The data from an expression analysis of 
samples for breast tumors and normal breast tissue were analyzed to indicate the fold difference of expression level between breast 
tumor and normal sample (cutoff £ 3-fold change). The fold changes were plotted against the literature score for the same gene set. 
Green dots represent first-degree association by gene search, blue dots represent first-degree association by family search and red 
dots represent no-association. Some well-studied genes, such as BRCA2 (pink circle), are not reflected by a substantial difference In 
expression level. Furthermore, the majority of genes that have no association with breast cancer in the literature had less than 10-fotd 
expression changes (shaded area). 3B. The Spearman rank-correlation coefficients between literature score (LPF) and the fold change 
of expression level between tumor and normal breast samples (y-axis) in relation to the amount of fold change of expression level 
(x-axis). Gene rank lists were generated for breast cancer (blue) and hypertension (pink). Correlations were also computed between 
the breast cancer gene LPF scores and fold change expression data among estrogen receptor positive tumors only (light blue) and 
estrogen receptor negative tumors only (purple). 
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a MedGene results for the top 25 genes associated with breast neoplasms, hypertension, rheumatoid arthritis, bipolar disorder, and atherosclerosis, respectively, 
ranked by LPF scores. The hyperlink to alt ihe papers co-citing the gene and the disease Is available at MedCene website {http^/hipseq. mediiarvard.edu/ 
MedCene/). 



Discussion 

The Human Genome Project heralded a new era in biological 
research where the emphasis on understanding specific path- 
ways has expanded to global studies of genomic organization 
and biological systems. High-throughput technologies can 
provide novel insight into comprehensive biological function 
but also introduces new challenges. The utility of these 
technologies is limited to the ability to generate, analyze, and 
interpret large gene lists. MedCene, a relational database 
derived by mining tf* information in Medline, was created to 
address this need. MedCene users can query for a rank-ordered 
list of human gene-disease relationships (Table 2) for one or 
more diseases. Each entry is hyperlinked to the original papers 
supporting each association and to other relevant databases. 

MedGene is an innovative extension of previous text mining 
approaches. Perez-Iratxeta et al. used the GO annotation and 
their chromosomal locations to predict genes that may con- 
tribute to inherited disorders* MedGene takes a broader view 
and includes all diseases and all possible gene-disease relation- 
ships. Furthermore. MedGene utilizes co-citation to indicate a 
relationship rather than GO annotation, which is limited to the 
subset of genes that have GO annotation. Our approach is 
complementary to that taken by Chaussabel and Sher. who 
used the frequency of co-cited terms to cluster genes into a 
hierarchy of gene-gene relationships, 6 

A unique aspect of this tool is the ability to assess the relative 
strengths of gene-disease relationships based on die frequency 
of both co-citation and single citation. This presupposes that 
most co-citations describe a positive association, often referred 
to as publication bias 15 and is supported by our observations 



that negative associations are rare (Supplemental Table 3: 
http://hipseq.med.harvard.edu/MedGene/publication/s_Ta* 
ble 3.html). Of course, relationships established by frequency 
of co-citation do not necessarily represent a true biological link: 
however, it is strong evidence to support a true relationship. 

Another important feature of MedGene is the implementa- 
tion of software filters that substantially reduced the error rate. 
We estimate that less than 10% of all associations were missed 
and at least 70% of even the weakest associations were real. 
For this study; all rf the filters that we applied were general 
ones, e.g., expanding the list of all gene names to address the 
different syntax forms used by different journals, eliminating 
gene names that correspond to common English words, etc. 
The majority of the remaining search term ambiguities were 
idiosyncratic and difficult to identify systematically without 
causing a significant rise In false negatives. Alternative ap- 
proaches, such as (he examination of the nearest neighbor 
terms, need to be considered to further reduce the false positive 
rate. 

It is not uncommon to see expression changes in micro- 
array experiments as small as 2-fold reported in the literature. 
Even when these expression changes are statistically significant, 
it is not always clear if they are biologically meaningful. When 
comparing expression levels of disease to normal tissue, one 
expects an enrichment of known disease-related genes to 
appear in the altered expression group. MedGene provided a 
unique opportunity to test this notion in the context of existing 
knowledge on a novel breast cancer micro- array dataset. For 
genes displaying a 5-fo!d change or less in tumors compared 
to normal, there was no evidence of a correlation between 
altered gene expression and a known role in the disease. This 
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Table 3. Genes with Large Expression Changes in ER- but 
Not in ER+ Breast Tumors 
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Table 3. MedGene identified a scl of relatively understudied, yet highly 
expressed genes in ER negative, but not ER positive breast tumors. All of 
these genes have either never been co-cited with breast cancer or have a 
weak association except those marked with an V 



reflects the many genes whose role in breast cancer may not 
Involve large changes in expression in sporadic tumors (e.g., 
BRCAl and BRCA2) and genes whose modest changes in 
expression may be unrelated to the disease, Strikingly, among 
genes with a 10-fold change or more in expression level, there 
was a strong and significant correlation between expression 
level and a published role in the disease, providing the first 
global validation of the micro-array approach to identifying 
disease-specific genes. 

The results derived from MedGene have two implications. 
First, a careful hunt for corroborating evidence of a role in 
breast cancer should precede any further study of genes with 
less than 5-fold expression level changes. Second, any genes 
with 1 0-fold changes or more are likely to be related to breast 
cancer and warrant attention. It is likely that this threshold will 
change depending on the disease as well as the experiment. 

Interestingly, the observed correlation was only found among 
ER-positive tumors, not ER-negative. This may reflect a bias 
in the literature to study the more prevalent type of tumor in 
the population. Furthermore, this emphasizes that caution 
must be taken when interpreting experiments that may contain 
subpopuIaUons that behave very differently. The MedGene 
approach identified a set of relatively understudied, yet highly 
expressed genes in ER-negative tumors that are worthy of 
further examination (Table 3). 
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In conclusion, we have developed an automated method of 
summarizing and organizing the vast biomedical literature. To 
our knowledge, the resulting database is the most comprehen- 
sive and accurate of its kind. By generating a score that reflects 
the strength of the association, it provides an important tool 
for the rapid and flexible analysis of large datasets from various 
high-throughput screening experiments. Furthermore, it can 
be used for selecting subsets of genes for functional studies, 
for building disease-specific arrays, for looking at genes com- 
mon to multiple diseases and various other high-throughput 
applications. In the future, it will be possible to enhance the 
utility of the MedGene database by building links between 
genes * and other MeSH terms as well as other biological 
processes and concepts, such as cell division and responses to 
small molecules. 
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